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Abstract
In this thesis, a new measurement technique is used to study the elec
tronic properties of resonant tunneling heterostructures. The measurement tech
nique incorporates an active operational amplifier circuit to simulate negative
resistance and capacitance, and is used to probe regions of intrinsic bistability.
Intrinsic bistability is observed in the experimental current-voltage characteristics
of some resonant tunneling heterostructures when measured using conventional
techniques.
The tunneling resonance characteristic of an asymmetric, double barrier
resonant tunneling heterostructure which displays intrinsic bistability is shown
to be smooth, continuous and multistable when measured using the new tech
nique. It is the multistable region which is the main focus of this thesis. New
features are measured within the multistable region, which remain inaccessible
to conventional measurement techniques. The new features are shown to be as
sociated with resonant tunneling via the excitation of a two dimensional plasmon
in the central quantum well of the double barrier heterostructure.

Such plas

mon assisted tunneling is a previously unobserved tunneling mechanism in these
heterostructures.
The first three chapters are concerned with the electronic properties of
group III-V semiconductors, a brief background on resonant tunneling, and the
experimental techniques employed in the studies. The fourth chapter discusses
the details of the new measurement technique, the negative output resistance
voltage supply and total circuit stability.
The final four chapters examine vertical transport, magnetotransport
and optical properties of an asymmetric double barrier resonant tunneling het
erostructure. Particular emphasis is placed on the bias direction which involves
significant charge buildup in the central quantum well, and hence multistabil
ity, in the tunneling resonance. Significant minority carrier buildup under high
excitation conditions is also discussed. Sample temperature variation, magnetic
fields applied parallel and perpendicular to the layer plane, as well as photolumi
nescence spectroscopy are used in these studies.
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Chapter 1
GaAs: Properties and Alloys
1.1

Introduction
The rapid advancement of modern crystal growth techniques such as

molecular beam epitaxy (MBE), liquid phase epitaxy(LPE) and molecular organic
chemical vapour deposition(MOCVD) has led to significant increases in sample
quality of layered, compound semiconductor structures since the early work of
Tsu and Esaki [1 ].

In 1973 they proposed and demonstrated a new type of

semiconductor device based on selective deposition of different semiconductor
alloys. If grown correctly, the resulting properties should (and did) show evidence
of quantum mechanical interference effects due to the abrupt changes in the band
structure at the alloy interfaces.
A significant proportion of the early work in compound semiconduc
tor structures was done using the GaAs/ (AlGa)As system due to the relatively
small lattice mismatch between the alloys, yet relatively large band gap differ
ences and mobilities. Today the work is expanding into other systems such as
(.InAl)As/(InG a)As, Si/GeSi and CdTe/(HgCd)Te. The unique feature of all
of these systems is the experimental realisation of quasi two, one and zero dimen
sional charge carrier systems resulting from the atomic accuracy with which the
structures can now be made. The resulting increase in knowledge and understand
ing of the underlying physical processes has been nothing short of phenomenal.
It has been only twenty years since the initial development of high pre
cision, compound semiconductor structures and yet commercial devices have al
ready created a niche in a market traditionally dominated by silicon based sys

3
tems. Such devices include self electro-optic devices (SEEDs) for optical com
puting, quantum well lasers for compact disk players and communications, reso
nant tunneling devices for high speed (sub nanosecond) logic switches and high
frequency (T H z ) oscillators. This thesis is primarily concerned with the funda
mental aspects of the physics of resonant tunneling.
The remainder of this chapter deals with a brief review of the physi
cal and electronic properties of GaAs and (A lG A )A s which are relevant to the
resonant tunneling structures studied in this thesis.

It also discusses the ba

sic concepts of layered GaAs /(AlGa)As heterostructures and introduces relevant
optical processes.

1.2

Gallium Arsenide, GaAs

1.2.1

Crystal Structure
For a complete review of of the electronic properties of GaAs see Blake-

more [2 ] or for more recently reviewed data see “Properties of GaAs” [3]. The
alloy (AlGa)As has also been recently reviewed in “Properties of AlGaAs” [4 ].
GaAs forms one of the many available combinations of group III and
group V elements which make up the system of III-V compounds. These com
pounds all crystallize into the zinc-blende lattice structure which consists of two
interpenetrating face centred cubic sub-lattices of gallium and arsenic, which are
displaced by ( f , f , f ), where a is the lattice constant of the unit cell. The con
ventional cubic unit cell of gallium arsenide (figure
of 5.653

1 .1

(a)) has a lattice constant

A [3]. In reciprocal lattice space the zinc blend structure transforms

into a truncated octahedron with body centred cubic symmetry within the first
Brillouin zone (figure

1 . 1 (b)).

The centre of the Brillouin zone defines the Y point as shown in fig
ure

1 .1

(b). The paths from T to the high symmetry points X , L and K on the

zone boundary in figure

1 . 1 (b)

energy band structure of GaAs.

are commonly used in describing the electronic

4

Figure

1 .1 :

(a) The unit cell of GaAs. Each gallium atom has four arsenic atoms

as its nearest neighbours and vice versa. The atoms are arranged tetrahedrally
with a bond angle of 109.47 deg.
(b) The corresponding first Brillouin zone for the reciprocal lattice of GaAs.
Taken from reference [2 ].

1.2.2

Band Structure
The free electron model provides a good basis for describing various

properties of metals, such as heat capacity, electrical conductivity and magnetic
susceptibility. However, in order to explain and distinguish some of the properties
of semiconductors, a more complicated model is required. The nearly free electron
model1 provides the basis for all models which describe the band structure of a
semiconductor.
Figure

1 .2

shows the band structure of gallium arsenide as calculated

by a nonlocal pseudopotential model [7]. The Fermi energy lies at the top of
the valence band at T = 0 K which results in GaAs being an insulator at this
temperature. At the centre of the Brillouin zone,

k=

0

, the lowest conduction

band point, T6, coincides with the highest valence band point, r 8. This makes
GaAs a direct-gap semiconductor for optical studies, a major advantage over the
traditional silicon and germanium systems. A minimum energy transition, ie an
electron in the highest occupied state in the valence band making a transition to
the lowest unoccupied conduction band state, or vice versa, can do so without
having to change its position in fc-space.
1For a review of the various methods see references [5,6].
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Figure

1 .2 :

(a) The calculated electronic energy band structure at 300 K for

GaAs using nonlocal pseudopotential model (taken from reference [2 ]).
(b) Detail of (a) near the zone centre.

The heavy and light hole band in figure

1 .2

are degenerate at T8, in bulk

GaAs (although this degeneracy is lifted in a quantum well). The third band, at
T 7 , is the spin split-off band and is separated by 340m eV [3] as a consequence
of the strong spin orbit interaction, which is taken into account in the nonlocal
pseudopotential model [7].
The fundamental bandgap, e5, of gallium arsenide is defined between T6
and T8. It is 1.5196 eV [3] at 4.2 K and 1.424 eV [3] at 300 K. The temperature
dependence has been empirically fitted by Varshni [8 ] and is given by2

e g { T )=

«s(°) -

a Y ^T p

where a = 5.405 x 10~4e V K ~ 1 and (3 = 204 K.

1.2.3

Effective Mass
The effective mass of charge carriers within the conduction and valence

bands refer to the mass within a band relative to the free electron mass. The
effective mass is inversely proportional to the local curvature of the relevant
electronic energy band. The bulk GaAs conduction band is essentially parabolic
2The parameters stated are the updated ones given by Thurmound [9].
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and isotropic within

20

m eV of the bottom of the conduction band, ie k =

0.

Here, the electron effective mass, m*, is simply calculated using the relationship
_

1

ra*

d2e
h2 dk2
1

( 1 *2 )

The value of m* at the conduction band edge is 0.067rae. Above

20

m eV non-

parabolicity effects must be taken into consideration and is usually done via k.p
perturbation theory [10,11]. The k.p model takes into account the interaction
between energy bands which results in the non parabolic band structure. The
number of bands taken into account defines the level of the model.
The hole effective mass in the valence bands is more complicated due to
the nonparabolicity of the bands. The dispersion relationshipsfor the heavy hole
mass (rn*hh)

andlight hole mass (m*l}J are expressed in terms of the Luttinger

parameters near k =

0

in the [1 0 0 ] direction. They are given by [3 ]
m hh = m e ( l l ~
m lh

where

7

X and

72

272)-1

= ™e(7i + 27 2) _1

(1.3)

have been determined using the techniques outlined in the table

below.

Luttinger
Parameter
7i
72

Table

1 .1 :

Cyclotron
Resonance [1 2 ]
7.10 ±0 .1 5
2.02 ± 0 .1 5

Quantum Well
Spectroscopy [13]
6.98
2.25

MagnetoSpectroscopy [14]
7.17 ± 0 .1 5
2.88 ± 0 .1 5

Luttinger parameters as determined by various experimental tech

niques. These are used to calculate the effective mass in the valence bands
The values of the heavy and light hole masses in GaAs used for calculations
outlined in this thesis are 0.33me and 0.09me respectively.
In GaAs quantum wells and heterostructures such as the ones described
in this thesis, conduction band nonparabolicities [15,16] affect the quasi bound
energy levels in the quantum well and also the in plane dispersion relationship
associated with each bound state.

Nonparabolicities can be accounted for by

energy-dependent effective masses, both perpendicular and parallel to the semi
conductor layer plane. The nonparabolicity enhancement has been shown to be

7

three times larger for the parallel mass, m* ||, compared to the perpendicular
mass, 77i*

j_ .

The adjusted parallel and perpendicular effective masses are given

by
me,|| =

771* (l

and
777*
'e’-L
where

777*

+ (2a + f3)en)
77_7**
(1 + ae^)

(1.4)

(1.5)

is the effective mass at the conduction band edge, a =

0.600 eV’-1 , P = 0.702 eP -1 and en is the 77t/l quasi bound energy level in the
central quantum well.

The corrected m* , values are used in chapter 6 to deduce the sheet
e , _i_

charge density from the measured Fermi energy within the central quantum well
over a tunneling resonance as observed in a resonant tunneling structure.

1.2.4

Phonons
Charge carrier-phonon interactions play an important role in the elec

tronic properties of semiconductor heterostructures. Phonon scattering is one of
the main processes by which a carrier undergoes energy relaxation. In particu
lar for resonant tunneling structures, LO-phonon assisted tunneling contributes
significantly to the valley current [17,18]. The process of phonon assisted tunnel
ing has been the centre of many studies both theoretically [19] and experimen
tally [17,18] in the GaAs - (AlGa)As heterostructure system.

1.3

Aluminium Gallium Arsenide, (AlGa)As
The alloy aluminium gallium arsenide, (AlGa)As, is of interest to the

work described in this thesis as it is used to create potential barriers in the
heterostructures used to study quantum charge carrier phenomena. “Properties
of Aluminium Gallium Arsenide” [4] consists of a comprehensive review of the
electronic properties of (AlGa)As and outlined below are some of the properties
relavent to this thesis.
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1.3.1

Band Structure
During the growth process aluminium is introduced into the system and

it was originally thought that the Al atoms took up available gallium sites in a
random fashion. This appears to be true for samples grown by molecular beam
epitaxy in the [1 0 0 ] direction, which includes all of the samples used in this thesis.
Some evidence has been put forward by Kuan et al. [2 0 ] which suggests that
(.AlGa)As alloys grown in other directions and using other growth techniques such
as metal organic vapour phase epitaxy may exhibit long-range order depending
on the growth kinetics. The lattice constant of AlAs is 5.66129
only 0.008

A [2 1 ] which is

A larger than GaAs. The lattice is almost perfectly matched, which

means that alloys can be directly grown on top of GaAs with very little strain
and very good interface quality over the whole range of compositions.
The bandgap, e5, of AlxG a i-xAs varies as a function of the composition
fraction, x. For x < 0.43 the alloy remains direct gap along the [1 0 0 ] direction
but increases quadratically via the equation (at

2

K) [2 2 ]

€g(x) = 1.5194+ 1.36x + 0.22x2

eK

(1.6)

For alloys with x > 0.43, the conduction band at X 6 moves below T 6 and
(.AlGa)As becomes an optically indirect bandgap semiconductor. All of the sam
ples used for the work outlined in this thesis had x = 0.4.

1.3.2

Effective Mass
The electron effective mass in (AlGa)As has been studied using various

techniques such as cyclotron resonance [23] Shubnikov-de Haas oscillations and
magneto-interband absorption [24]. There also exist several theoretical energy
band calculations [25,26]. The electron effective mass in the conduction band
near the T 6 point as a function of the composition is given by [23]
ra* = 0.067 + 0.0838a:

(1.7)

The heavy and light hole masses within the valence band of AlxGai_xAs
are usually estimated via a linear interpolation between the values determined
for GaAs and AlAs. These values have been defined in terms of the Luttinger
parameters, (equation
table

1 .2 .

1 .8 ),

with the values of

71

and

72

for AlAs outlined in

9

7i
4.04
3.790

72

0.78
1.230

Reference
[26]
[27]

Table 1.2: Luttinger parameters for AlAs from various groups.
For estimations of heavy and light hole masses used in calculations in this thesis
Molenkamp et al. [27] was used as the experimental results were based on similar
structures to those used in this thesis and their gamma values for GaAs were
very close to other published data. The equations estimating the hole masses in
the [100] direction are then given by
mhh ~ 0*33 + 0.18a;
m*h = 0.090 + 0.090a;

(1.8)

The variation of the hole effective masses within 2D systems, eg. GaAs —
(.AlGa)As heterostructures, has been studied using magnetoluminescence [28],
magnetotunneling spectroscopy [29] and magnetotransport [30] techniques. As a
result the inplane effective mass for heterostructures grown on the (100) substrate
plane varies from the bulk case due to the reduced dimensionality and a different
linear interpolation is obtained [4]. However the perpendicular effective mass,
which is used for energy band calculations, remains the same as that for the
bulk case. The heterostructures described in this thesis use (AlGa)As only for
creating potential barriers, rather than quantum wells, hence the perpendicular
hole effective mass is only of theoretical interest.

1.3.3

Phonons
In all (AlGa)As alloys there are two optical phonon modes observed.

The frequency of each mode has been measured over a range of x-compositions
using infrared reflectivity [31,32] and Raman backscattering [33]. As stated ear
lier in section 1.2.4, phonon scattering plays a large role in the resulting tunneling
current through a resonant tunneling heterostructure. Figure 1.3 shows the fre
quency dependence of the GaAs type and the AlAs type phonon modes with
composition fraction x.

Usually electrons couple more strongly to the higher

frequency mode [34], however in low dimensional heterostructures, this is com
plicated by the possibility of interface or confined phonon modes [35].
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Figure 1.3: Room temperature frequency dependence of the two pairs of optical
phonon modes in (AlGa)As on composition fraction (taken from reference [4]).
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1.3.4

Bandgap discontinuity
In resonant tunneling structures, the potential barrier is created as a

result of (AlGa)As having a larger bandgap than GaAs. This leads to a band
gap discontinuity, Aeg, at the interface between GaAs and (AlGa)As which is
taken up fractionally between the conduction and valence band. This is commonly
referred to as the conduction and valence band offsets, A ec and Ae^, with the
offset ratio being defined by the equation,
r = Aec /A e y

(1.9)

The study of r as a function of compositional fraction in (AlGa)As heterostruc
tures has been the basis of a vast amount of work, see for example the review by
Dugan [36] and ” Heterostructure Band Discontinuities” [37] with a wide range of
determined values. One of the main problems appears to be in knowing the exact
amount of aluminium content within the (AlGa)As [38]. Samples used for the
work in this thesis had an aluminium composition fraction, as discussed above,
of 0.4. The value of r chosen was 65 : 35 which is the average value from the two
main groups of data available for this system which were 60 : 40 and 70 : 30.

1.4

Impurities
Development of modern crystal growth techniques such as molecular

beam epitaxy [39] have drastically improved the intrinsic quality of semiconduc
tors over the last twenty years. However, during the growth process of semicon
ductor crystals, unintentional introduction of impurities, such as carbon, silicon,
manganese, sulfur and lead, still occurs.

The presence of impurities, at suffi

cient concentrations, have a drastic effect on electronic properties of semiconduc
tors [39].
Electrically active impurities are usually separated into two types; donors
and acceptors, depending apon into which compound semiconductor system the
impurities are introduced. For each impurity type there are two main groups;
shallow and deep level impurities, depending on the relative depth of the impu
rity energy levels that are created within the band gap.
In the III-V compound semiconductor system, GaAs, Si and B e are
often intentionally introduced into the growth process as the donor and acceptor
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impurities respectively.
tem.

These impurities are both shallow in the GaAs sys

The donor(acceptor) level created only lies between 5 and 30 m eV be-

low(above) the conduction (valence) band. Electrons are easily excited out of the
donor level(valence band) into the conduction band(acceptor level). The elec
trons (holes) in the conduction (valence) band conduct current.
If the density of impurities is large enough the wavefuctions of the im
purity levels overlap to form a donor or acceptor impurity band. At even higher
densities the donor(acceptor) impurity band merges with the conduction (valence)
band to form a metallic-like band. The critical density for which merging occurs
is known as the Mott metal-insulator transition. In n — type GaAs the transi
tion occurs at a density of « 1016 cm~3. Metallic-like compound semiconductors
are generally referred to as doped n and/or p type semiconductors depending on
whether the doping is due to a high density of intentionally introduced donors or
acceptors respectively.
The resonant tunneling heterostructures studied in this thesis use selec
tively graded doping in the layers adjacent to the undoped active region to supply
conduction electrons for tunneling. In the undoped active region these electrons
are separated from the impurity atoms which greatly increases their mobility.

1.5

Heterojunctions and Heterostructures
A hetero junction is formed when two different types of semiconducting

material are joined together and a heterostructure is simply two or more het
erojunctions which form a single structure. With such a simple concept, one
can barely fathom the huge number of different varieties of hetero junction and
heterostructure designs possible. These would ultimately provide interesting and
exciting new insights into basic charge carrier properties and interactions within
semiconductors. Such studies would also, inevitably lead to many interesting de
vice applications. In reality, of course, there are many physical limitations on the
different types of heterostructures which can be produced and I will not mention
them here, see reference [39] for more details.
G aAs/(AlGa)As heterostructures are of particular relevance to the work
outlined in this thesis. One of the simplest structures is the quantum well het
erostructure. It is formed by sandwiching an ultrathin layer (the order of nanome

13
ters in width) of GaAs between two layers of (A lG a)A s. At the junctions of the
conduction and valence electronic energy bands (see section 1.2.2), sharp dis
continuities occur. The discontinuity is a result of the difference in the energy
gaps between the conduction and valence energy bands of GaAs and (A lG a )A s.
As mentioned in section 1.3.4, the heterojunction formed between GaAs and
(.A lG a)A s is termed type I (see references [40,41] for other types) since the en
ergy gap of GaAs lies between the energy gap of (.AlGa)As as shown in figure 1.4.
Two type I hetero junctions result in finite conduction and valence band quantum
wells, also shown in figure 1.4.

Figure 1.4: Schematic diagram of a GaAs/ (AlGa)As quantum well heterostruc
ture resulting from two type I heterojunctions. Both a conduction and valence
band quantum well is formed. Some schematic quasi bound energy levels and
their associated wavefunctions are also shown.

In figure 1.4 electron motion in the growth(z) direction is confined. The
confinement results in the formation of quantum well subbands which can be
calculated using the envelope function approximation, which is an effective mass
theory [42,43]. The wave function in the quantum well, /0 (r) 5is modelled in terms
of a rapidly varying Bloch function, Ui^0(r), which is assumed to be the same
throughout the heterostructure and a slowly varying envelope function, X^(r).
The wavefunction is then [42]
V»(r) = Y , Xi(rH k o (r )
I

(1-1°)
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where I is the number of bulk band edges used in the model and ko is the point
in the Brillouin zone around which the heterostructure is grown.
Using k-p theory the Bloch function can be estimated over I bulk bands.
The envelope function is a solution of the Schrodinger-like equation for a particle
with energy e above the bulk conduction band edge [40]

{^2m* dz2

^n(z ) = enXn(T)

(1-11)

where ra* is the electron effective mass in either the quantum well or the barrier,
V (z) describes the potential profile of the conduction band edge in the z direction
and en represent the n bound energy levels above the conduction band edge in
the quantum well. At the semiconductor layer interfaces boundary conditions
require that X(z) and ~ dX/dz remain continuous.
In the plane of the heterostructure there is no such confinement, hence
the total energy of an electron in the quantum well is described by

6 = 6n + 2m* ^

+

In qualitatively calculating the valence subband energies in the quan
tum well, one can simply replace the electron effective mass in equation 1.11
with the light and heavy hole effective masses discussed in sections 1.2.3 and
1.3.2. However, the in-plane dispersion relationships are more complicated due
to the strong mixing of the heavy and light hole subbands leading to subband
nonparabolicities.

One can obtain a qualitative description using a successive

perturbation approach [44] or a more detailed description using a full-zone k •p
theory [45].

1.6

Optical Processes
The electronic properties of semiconductors are determined by the re

sponse of electronic particles within the semiconductor to each other, their local
environment and to perturbations. Techniques such as optical absorption, photo
luminescence, photoluminescence excitation, photoconductivity, photoreflectivity
and Raman scattering have been extensively used to study the fundamental prop
erties of excitation and recombination processes in semiconductors. All of these
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techniques use illumination to excite the semiconductor system and examine the
illumination either transmitted, reflected or emitted by the semiconductor. The
GaAs/(AlGa)As heterostructures studied in this thesis are particularly suited to
optical techniques as they are comprised of direct gap semiconductors (see sec
tion 1.2.2) within the active regions of interest. Photons, which have negligible
momentum, can easily be absorbed and emitted without the need for in-plane
wavevector conserving interactions such as phonons.

1.6.1

Photon Absorption
The absorption of a beam of incident photons, each with energy huj

within a semiconductor has been discussed and reviewed in detail, see for ex
ample, Bastard [42]. The transmission intensity, / t, of the beam propagating
perpendicular to the semiconductor is given by [42]
j.

I0( l - R ) 2e~at

4"

,

1 - R?e~2at

,

( 1' 13')

where / 0 is theincident intensity, t is the sample thickness, a is the absorption
coefficient, and R isthe sample reflectance, assuming the absorption

is weak,

given by

M I

tt )’

<L14>

where n is the refractive index.
The absorption coefficient as a function incident photon angular fre
quency, both perpendicular and parallel to the layer planes of the semiconductor
is given by

A.'jr^P^
1
= -------n
Tt me
— I < *IE •p I / > 12£(ef ~ e» - M [ / ( ei - e/)]
ncmeuj\l
e
hf

(i-is)

where me is the free electron mass, c is the speed of light in free space, H is
the volume

of thesample inwhich the initial, <

normalised,

|< z|E*p|/ >

i\ and final, \f > states are

|2 is proportional to theoscillator strength

for the

transition and is a relative measure of the interaction between the incident photon
beam with the polarisation vector E, with electrons of momentum operator p,
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and /(€*(/)) is the Fermi distribution function for the initial (final) electron energy
states.
All of the heterostructures studied in this thesis involve carriers which
are confined in the growth (z) direction and incident photon beams propagating
in the —z direction. The allowed transitions between the conduction and valence
subbands are governed by [42]
• the overlap integral associated with the envelope wavefunctions of the ini
tial, (x*{z )) and final,

electronic subband, which determine the

corresponding quantum numbers, m and n of the subbands and
• the dipole matrix element, < UY{ \p\urf > associated with the polarisation
of the incident beam and the periodic part of the Bloch functions at the
zone centre for the initial and final subband which determines the selection
rules.
Hence for the heterostructures studied in this thesis (type I heterostructures)
transition between the heavy hoie(hhm), light hoie(£/im), or spin split o ff(r 7 jm)
valence subband and the electron conduction subband(en) are allowed. Strictly
speaking the band to band transitions can only occur when A k = 0 and if
m + n is even (due to the parity of the envelope functions x m(z ) and Xn(z ))•
In G aA s/ (AlGa)As heterostructures mixing of the ih and hh subbands allows
transitions that are otherwise forbidden at A k = 0. Disorder within the system
also allows transitions to occur away from A k = 0 up to the Fermi energy. Such
transitions occur at a much reduced rate depending on the amount of disorder
within the system.

1.6.2

Excitons
According to the above discussion the first excited state of an intrinsic

bulk semiconductor corresponds to an electron in the valence band absorbing a
photon of energy hv = eg and being excited into the conduction band. How
ever in real semiconductor systems it is also possible to observe an interaction
between a photoexcited electron and a photocreated hole in the valence band.
The Coulombic electron-hole interaction gives rise to bound states of the relative
motion, and the electron-hole pair form an excitonic particle. A good discussion
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on details and types of excitons can be found in references [42,41,46,47]. The
n bound states for the excitonic particle can be determined by the hydrogenic
model and the binding energy is given by
R
m*e4
3£> = 11 = ------------ _
x’n
n2
2h K?n2
where R is the effective Rydberg energy

k

= Konr and mx 1S

(1.16)
K
effective mass of

the exciton which is given by
1i* = — + ^ T
ml
mh
'"'e

(1.17)

The exciton bound states in a quantum well heterostructure are shown
in figure 1.5. When the creation of excitons is accounted for, the first excited
state of the heterostructure occurs when the incident photon energy, /izq equals
the energy difference shown in figure 1.5.
For excitons confined in 2D semiconductor heterostructures, the exciton
binding energy, e2
xD, would ideally be given by replacing n with (n —\) in equa
tion 1.16. However, in reality, the binding energy of the ground state exciton
(n = 1) lies between e3
xD and the ideal e2
xD [48]. The finite barrier height and
potential well width allows for some motion in the confinement direction. Ide
ally, in both 3D and 2D direct bandgap materials, only excitons with wavevector
k ex ~ 0 are involved in strong optical transitions. As a consequence, excitonic
absorption and emission processes lead to (relatively) sharp features in optical
spectra.
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Figure 1.5: Schematic representation of the exciton bound states in a quantum
well heterostructure.

Apart from free excitons, excitons bound to neutral and ionised donors
and acceptors, and excitonic molecules such as biexcitons and trions further in
crease the binding energy. All have been observed in bulk materials [49]. Some of
these have also been observed and resolved in high quality heterostructures using
the various optical techniques discussed above [50-53]. More recently, evidence
has been presented for an interlayer exciton in resonant tunneling experiments
between 2D electron systems has been reported [54]. Such excitons are claimed
to exist between tunneling electrons and the holes left behind.

1.6.3

Recombination
Exposing a semiconductor sample to above bandgap illumination (ie.

photon energies greater than the band gap energy) or injecting excess carriers
through a metallic contact results in a departure of the electron and hole con
centrations from their thermal equilibrium values. In the case of above bandgap
illumination, photoexcited electrons and holes continuously return to equilib
rium whilst the sample is being excited. The recombination processes by which
equilibrium is reached play an important role in semiconductor devices such as
diodes, transistors, and light sensitive devices. Recombination processes partic
ularly associated with heterostructures are discussed in more detail in chapter 6.
Basically recombination processes can be classified into three main categories, di
rect recombination, recombination through traps, deep impurities or defects and
surface recombination.
Direct radiative recombination is the reverse process of electron-hole pair
(or exciton) creation. An electron in an excited state relaxes to a vacant electron
state (recombines with a hole), emitting a photon with energy, hv, equal to the
energy difference between the two states. Electron traps, deep impurities and
defects are examples of electron scattering centres which result in non-radiative
recombination. Such scattering centres are unintentionally introduced within the
sample and provide relaxation mechanisms for excited electrons. Photons emitted
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via electron-hole recombination are not energetic enough to reexcite the system
(photon recycling) and escape without detection, i.e. nonradiative recombination.
Surface recombination is a result of the finite dimensions of the semi
conductor crystal which breaks the periodicity.

The propensity of impurities

to segregate at surfaces and interfaces result in quantum states localised near
the crystal surface. Such states are available for charge carrier occupation and
electron-hole recombination and are unavoidable, yet unwanted.
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Chapter 2
Resonant Tunneling
This chapter briefly examines the basic processes of resonant tunneling
through double barrier systems. It outlines the coherent and sequential tunneling
models which are commonly used to correlate the experimental results of double
barrier resonant tunneling structures. Different initial (emitter) charge carrier
states are discussed as well as the possibility of significant occupation of the
intermediate (quantum well) state during the resonant tunneling process and its
consequences relating to the observed current-voltage characteristic.

2.1

Introduction
Resonant tunneling through a double barrier system is an extension of

particle traversal through a single potential barrier, studied extensively in under
graduate quantum mechanics. In the single potential barrier problem, the energy
of the incident particle is less than the potential height of the barrier, however
the particle has a finite probability of traversing through. Particle traversal can
only occur via the purely quantum mechanical process of tunneling. Classically
such a particle will always be reflected at the barrier interface.
Introducing another barrier near the first sandwiches a layer of low band
gap material between two layers of high band gap material. If the barrier sepa
ration is the order of the incident electron de Broglie wavelength, the sandwich
forms a quantum well with finite barrier width and height. Confinement of the
electron motion in the direction perpendicular to the barrier faces leads to the
formation of quasi bound electron energy levels between the barriers as discussed
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in section 1.5 and shown in figure 2.1(a). The energy levels are considered to be
quasi bound since the barrier width is finite, so an electron within the central
quantum well has a finite probability of tunneling out.
If electrons are tunneling from left to right in figure 2.1(a) then theory,
which is discussed in more detail in the next sections, predicts a large increase in
the transmission probability through the whole system when the energies of the
incident electrons and one of the quasi bound states in the well coincide. Neglect
ing electron scattering mechanisms, such as LO-phonon emission, the transmis
sion probability is strongly attenuated for incident electron energies between the
quasi bound energy levels. As a result, peaks are observed in the transmission
probability as a function of incident electron energy as shown in figure 2.1(b).

Figure 2.1: (a) Schematic diagram of a double barrier system and the quasi bound
electron energy levels within the central quantum well. Also shown schemati
cally is the wavefunction associated with each level, (b) Transmission probability
through the double barrier system as a function of incident electron energy.

The layered semiconductor heterostructure based on the double barrier
system is the double barrier resonant tunneling structure (DBRTS). Tunneling
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electrons are supplied by doped contacts adjacent to the undoped double bar
rier, or active, region. At zero bias, the quasi bound states lie well above the
Fermi level. The Fermi Energy and quasi bound levels are brought into energy
coincidence by applying a bias between the contacts. Figure 2.2 shows a typi
cal current voltage curve for a symmetric DBRTS. The term symmetric implies
that the structure, including the barriers and a significant portion of the contact
region, is symmetrical about the centre of the well. The resulting I(V) charac
teristics are then, ideally, identical in forward and reverse bias.

Figure 2.2: Part of the experimental current-voltage characteristic of a symmetric
double barrier resonant tunneling structure in the region of the first forward and
reverse bias tunneling resonances.

A general indication of sample quality is given by the peak to valley
ratios of tunneling resonances observed in the I(V) characteristic.

The peak

to valley ratio is defined to be the peak resonant current divided by the valley
current, where the valley is the current minima observed just past the resonant
peak of concern. The rapid advancement in crystal growth techniques over the
past twenty years has seen marked improvement in device quality. Devices with
peak to valley ratios of 30:1 at room temperature have been reported [55].
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The portion of the I(V) curve where the total bias voltage, V, is in
creasing yet the current, I, is decreasing defines a region of negative differential
conductance (ND C=J^) or negative differential resistance (N D R = ^ j). This has
led to a lot of interest in these devices not only from a physics point of view but
also in terms of their suitability as high frequency oscillators and mixers [56-58].

2.2

Coherent Tunneling
A coherent tunneling process implies that the phase coherence of the

electron wavefunction is not lost. In this case the two barriers act as partially
reflecting mirrors and the observed resonances are analogous to the interference
fringes observed in a Fabry-Perot etalon.
The transmission coefficient for the double barrier system may be cal
culated using the transfer matrix method [1,59]. Over the resonance the trans
mission coefficient as a function of eZl the z component of the incident electron
energy, is approximately Lorentzian [60,61]

+

( 2 . 1)

where ei is the energy level in the quantum well and T(e]J is the peak transmission
coefficient

T<-»- iw fh

M

where Te and Tc are the emitter and collector barrier transmission coefficients. If
at the peak Te = Tc ie. the two barriers are symmetric at the peak, then equation
2.2 reduces to unity. This does not generally occur since the symmetry is broken
when a bias is applied, even if the barriers are symmetric at zero bias.
The lifetime,

t,

and width, T, of the resonant state are related by
T = h/r

(2.3)

where r can be thought of as the time it takes for the particle to escape from the
well and is given by
r = — (Te + Tc)

(2.4)

where w is the width of the well. The electron velocity in the well, vw, is calculated
from 6i = bmrfvl..
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Off resonance, the transmission probability is obtained by combining
the individual transmission coefficients of each barrier
T(ez) = T(ee)T(ec)

(2.5)

The tunneling current density is calculated by integrating the transmis
sion coefficient over the energy distribution of incident electrons. The incident
electrons may have a component of momentum which is in the plane of the bar
riers, however, this does not contribute to the transmission through the double
barrier structure since the potential down the plane, as seen by the tunneling
electron, remains constant. Therefore [62]

( 2 -6 )

where f(e) is the Fermi-Dirac distribution and vz = ^ ( ^ 7) is the tun
neling electrons’ velocity, with energy e, and wavevector, k, associated with the
motion perpendicular to the barriers.

2,3

Sequential Tunneling
This model was proposed by Luryi [63], who argued that the coherent

model for a double barrier structure with a quantum well, bounded by barriers
of widths 50 A, gave a frequency limit of operation (within a region of NDR)
in the low gigahertz regime. This limit is due to the the response time of the
electron wavefunction to an external field variation. Sollner et al. [64] however,
had reported operation of such a device as a detector and mixer up to frequencies
of 2.5 THz.
The sequential model is based on the tunneling process occurring in
independent stages. In the case of the double barrier structure, the measured
I(V) characteristic is due to a combination of elastic and inelastic scattering of a
net number of electrons tunneling from the emitter accumulation layer into the
quasi energy level within the central quantum well and then out of the well to
the collector contact, i.e. two essentially independent stages.
The available states associated with the quasi energy level, ei, in the
quantum well are represented by a disk in k-space with an infinite radius and
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constant kz = k€l where

— h2k2
ei/2m'* and ez=0 is at the bottom of the con

duction band. The supply of electrons (emitter) is represented by a sphere in
k-space for a 3D emitter (see section 2.4). It is centered on k—0 and has a radius
of kp where ep = h2k2
F/2m*. At zero bias kz > kp so all the quantum well states
are unoccupied and no current flows. The onset of the resonance is defined by
the intersection of the disk with the sphere and occurs via the application of a
bias which lowers e\ with respect to the bottom of the conduction band.

Figure 2.3: Schematic illustration of the sequential tunneling model (taken from
reference [63]).

At zero bias e1 is above the Fermi energy.

resonance occurs when t\=€p ie.

when the

The onset of the

disk is tangent to the emitter

sphere of occupied states. The tunneling rate into the well will be maximum
when 6i is brought into energy coincidence with the bottom of the conduction
band in the emitter.

The tunneling rate through the emitter barrier is simply proportional
to the area of intersection between the disk and the sphere which increases as
the bias is further increased beyond the onset. This will be maximum when e1
brought into energy coincidence with the bottom of the conduction band in the
emitter. Once e1 moves below the conduction band edge, the tunneling rate drops
and is limited by scattering events since electrons can no longer tunnel with the
conservation of energy and lateral momentum. The observed tunneling current
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is then calculated using single barrier methods on the collector barrier where its
supply function is determined by the occupation of the quantum well states. This
is discussed in more detail in the following sections. This tunneling process is
illustrated in figure 2.3.
In response to this model Weil and Vinter [65] showed that the two
interpretations, in the absence of scattering, led to the same predictions for the
dc current and that the frequency limit in a region of NDR for a double barrier
structure was not in contradiction with the results of Sollner et al. [64]. They
did agree that scattering could destroy the coherent nature of the tunneling but
stated that Luyri did not explicitly take scattering into account so that the claim
that the two models could be experimentally distinguishable was not correct.
It was later shown by Price [66] (see also reference [67]) that the critical
mechanism was the intrasubband and intersubband (for higher order resonances)
scattering time as discussed briefly by Weil and Vinter [65]. Price showed that if
the average time to tunnel out was longer than the scattering time which involved
a change in ez then the tunneling process could only be interpreted as being
sequential. The sequential tunneling model is now the generally accepted model
for describing the resonant tunneling current through a double barrier structure
especially in cases where there is a significant amount of charge buildup in the
central quantum well during the tunneling resonance [68-70].

2.4

3D —2D Resonant Tunneling
In 3D —2D resonant tunneling, charge carriers tunnel from a region of

three dimensional energy states via a quasi two dimensional energy state. This is
the process assumed in section 2.3 above and has been modelled by a number of
groups (see for e.g. references [60,63,65,68]). A brief outline is continued below.
Resonant tunneling begins to occur when a quasi bound energy level
in the central quantum well, e± say, is brought into energy coincidence with the
Fermi energy in the emitter, eF. Energy coincidence is bought about via the
application of a bias voltage, V, with the resonant tunneling onset occurring at
the threshold voltage (Vth in figure 2.4(a)). At Vt/l, the only available states in the
quantum well which are available for tunneling are at kx = ky = 0 and kz = k€l.
Therefore, neglecting scattering, only electrons in the emitter with k = (0, 0, kF)
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can tunnel so as to conserve lateral momentum as well as energy. As more bias is
applied e\ moves further below e^, giving rise to more available carrier tunneling
states in the well. The net carrier tunneling rate from the emitter into the well
(and out through the collector barrier) consequently increases. The tunneling
rate is maximum when

is in energy coincidence with the conduction band edge

€c .b . in fhe emitter. At and beyond the cutoff bias voltage (Vc in figure 2.4(a)) e1
moves below ec.B.- In the absence of scattering, a sharp decrease in the tunneling
rate occurs since ez can no longer be conserved. The I(V) curve appears as a
wedge shape as seen in figure 2.4(a).

2.5

2D —2D Resonant Tunneling
In 2D —2D resonant tunneling, the emitter state from which tunneling

occurs is also a quasi two dimensional state. Such an emitter state is obtained in
resonant tunneling heterostructures in two ways. One involves the use of undoped
spacer layers adjacent to the barriers, then lightly doped layers before the heavily
doped contact regions are reached. At zero bias and low temperatures the Fermi
level is at, or just below, the conduction band edge so that no states adjacent
to the barriers are occupied. On the application of a bias, the bottom of the
conduction band adjacent to the emitter moves below the Fermi energy in the
emitter contact and some of these states then become available for occupation.
However the shape of the accumulation region (interface of the conduction band
edge with the emitter barrier) is approximately triangular so the electrons’ motion
in the z-direction is confined and a quasi two dimensional level forms.
The other way of creating a two dimensional emitter state is to have a
layer of undoped semiconductor material which has a bandgap smaller than the
material used for the region adjacent to the barriers and in the quantum well
(i.e. a prewell). For GaAs/AlGaAs heterostructures (InGa)As is often chosen.
Lightly doped layers are also used in this case, the main difference being that the
2D character of the emitter is better defined, especially at very low biases.
Unlike 3D —2D resonant tunneling where the threshold bias is defined
when the quasi energy level in the well moves into energy coincidence with the
Fermi energy of the emitter, the 2D—2D resonant tunneling onset (in the absence
of scattering and charge build up in the quantum well) occurs when the two quasi
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energy levels are coincident in energy. The quasi energy level in the well may
be below the Fermi energy of the emitter level, but resonant tunneling cannot
strictly occur since

= tz cannot be conserved without participation of some

scattering process.
The width of the resonant state in this case would be r e+ r w ie. the sum
of the widths of the two quasi energy states in the emitter and well respectively.
Therefore the width of the resonance from a 2D emitter (neglecting charge build
up) would be expected to be much narrower than from a 3D emitter. This is
shown schematically in figure 2.4

Figure 2.4: Schematic figure showing the fundamental difference between reso
nant tunneling through a double barrier device from an (a) 3D and (b) 2D emitter
state. Note that scattering and charge build up in the quantum well have been
neglected.
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In calculating the resulting resonant tunneling current [65,69,71], the
emitter 2DEG can be approximated by a state of monoenergetic particles and
the transmission coefficient through the emitter barrier by that of an incident
plane wave at the same energy. It should be noted that the sequential tunneling
model is usually used to describe this system since charge carriers can only enter
the region adjacent to the emitter barrier via scattering from the contact regions.
A coherent model would lead to a (usually small) splitting of the two 2D quasi
energy levels at resonance.
Zhu and Huang [72] have calculated both the 3D —2D and 2D —2D tun
neling current contributions in an asymmetric double barrier resonant tunneling
structure with lightly doped contact regions adjacent to the double barrier sys
tem. The calculation was fully self consistent, using the transfer-matrix method
based on 2D Bloch sums and the tight binding approximation. The tunneling cur
rent in both bias directions was calculated so as to explicitly include (exclude) the
effect of significant charge accumulation within the central quantum well(CQW)
during a tunneling resonance when the structure is biased such that electrons
tunnel through the narrow (wide) barrier first.
Consider a tunneling resonance between the first quasi bound, subband
energy level in the emitter and central quantum well.

The tunneling current

density is described by the equation [69]
J = nwvwT =

J n*v ic

Us V r^c^e^i

(Ac)* + r? + rer?

(2 7)

(2'7J

where Tc is the collector barrier transmission coefficient, Ae = e0—e1 is the energy
separation between the quasi bound subband energy levels in the emitter(e0) and
the well(ei), i/w is the electron tunneling attempt rate out of the well, I\ is
the intrinsic linewidth of the transition from the emitter into the well including
some assumed Lorentzian broadening,

is the sheet charge density in the

well (emitter) and Te is given by
_
2TiveTe
Te =

(2.8)

-*• c

where Te is the emitter barrier transmission coefficient and ve is the electron
tunneling attempt rate out of the emitter into the well. In the case of symmetric
barriers at zero bias Te <

and the tunneling resonance appears as a Lorentzian

with an associated region of negative differential resistance (figure 2.4(b))
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2.6

Effects of Charge Accumulation
The role of charge carrier accumulation within the central quantum well

region during a tunneling resonance and its effect on the electronic properties of
double barrier heterostructures is of particular relevance to the work outlined in
this thesis. Such accumulation has been observed in both symmetric and asym
metric double barrier heterostructures with the results being most pronounced in
the latter.
As a tunneling resonance proceeds within a DBRTS, regardless of the
nature of the emitter state, charge carriers dwell within the well [60,61] before
tunneling out through the collector barrier. If the dwell time is long enough,
its effect on the bias distribution within the double barrier heterostructure must
be taken into consideration when calculating static current-voltage characteristics
[69,73,74]. In some cases the significant carrier dwell time leads to charge buildup
in the well and the effects on the electronic properties of DBRTS’s can also be
observed experimentally, see for example references [75-77].
Sheard et al. [68, 69] calculated the effect of space charge within the
central quantum well on the observed tunneling I(V) characteristics. They used
a sequential tunneling model for both a 3D emitter [68] with symmetric barriers
and a 2D emitter with asymmetric barriers [69]. As discussed above for the 2D
emitter case, the tunneling process is described as successive transitions from the
2DEG emitter states into the central quantum well and from the well into the 3D
continuum in the collector. The progress of the charge buildup in the well during
a tunneling resonance is determined by the difference between the tunneling rates
into and out of the well.
The equation describing the tunneling current density is the same as
equation 2.7 except that Te »

T* since Tc «

Te (a general condition for significant

charge accumulation during the tunneling resonance).

Combining this with a

simple capacitive model (see section 4.4.1) for the double barrier structure so as
to relate the energy difference between the emitter and well subbands to the total
applied bias, as described below, leads to the appearance of current bistability in
the I(V) characteristic. Current bistability, as shown in figure 2.6, is one of the
main results associated with charge accumulation in the well during a tunneling
resonance.
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Electrostatic Feedback Effect
The mechanism responsible for the observed bistability is commonly
referred to as the electrostatic feedback effect and is discussed in more detail in
references [68,69,73,74]. To describe the electrostatic feedback mechanism one
may consider a tunneling resonance from a two dimensional emitter accumulation
layer into the central quantum well of an asymmetric double barrier structure.
Figure 2.5 schematically shows a portion of the energy band diagram of the
resonant tunneling structure at three different emitter-to-well voltages and the
corresponding operating point (black dot on the I(V) curve) in terms of total
applied bias voltage, V, in the measured I(V) tunneling resonance. Before the
resonance condition is reached the total applied bias (between the emitter and
collector contacts) causes donors in the collector region to be ionised, forming
a depletion region in the collector contact. As the device is uncharged overall,
the charge in the emitter, central quantum well and collector must sum to zero,
so that electrons accumulate adjacent to the emitter barrier to form a quasi
two dimensional electron gas. Figure 2.5(a) shows the band diagram before the
resonance condition is satisfied. At this bias the charge in the well and current
flow through the device are negligible.
Resonant tunneling between the emitter and central quantum well states,
begins to occur when the two levels are brought into partial energy coincidence,
via a bias voltage applied between the emitter and collector contacts. Due to the
finite and inhomogeneous width of the energy levels the resonance condition is
satisfied, at least in part, over a finite range of emitter-to-well bias values (see
figure 2.5(b)).
Once the resonance condition is partially satisfied, an increase in the
total bias voltage results in a predominant increase in the central quantum well
charge density with the emitter charge density remaining, essentially, unchanged.
In the steady state, the exact proportion of electrons which go to charging the
well depends on the relative transmission probability through the emitter and
collector barriers [69,68]. The apparent change in operating conditions occurs as
a result of the emitter-to-well resonance condition becoming more closely satisfied
energetically, this making electron tunneling from the emitter into the well more
probable. It should be noted here that from an electrostatic point of view, there
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Figure 2.5: Schematic diagram outlining the electrostatic feedback effect and cor
responding operating points in the I(V) curve, (a) Before the resonance condition
is at least partially satisfied there is negligible charge in the well, (b) Expanded
diagram of the finite width of the emitter and quantum well energy levels at a
bias where the resonance condition is partially satisfied, (c) At the peak of the
resonance the energy levels are in complete energy coincidence and the Fermi
levels in the emitter and quantum well are equal.
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is no limit to the amount of charge in the well as the total bias increases, so
long as the resonance condition is maintained. In actual devices the maximum
charge in the central quantum well during resonance is limited by the eventual
alignment of the Fermi levels in the emitter and central quantum well.
The charging of the central quantum well due to the difference in trans
mission probabilities of the emitter and collector barriers is an electrostatic feed
back mechanism. It causes the tipping of the resonance curve in the measured
current-voltage (I(V)) characteristic. The charging of the central quantum well
results in a smaller proportion of the total applied bias across the emitter barrier,
thus maintaining the resonance condition over a larger range of total bias values
compared to the case where there is no charging. The bistability observed in
the I(V) characteristics associated with tunneling resonances involving charging
is discussed in more detail in chapter 4.
At the peak of the resonance, Vp in the corresponding I(V) curve of
figure 2.5(c), the energy levels are in complete energy coincidence and the Fermi
levels in the emitter and quantum well are equal as shown in figure 2.5(c).
The theoretical calculations of Sheard et al. [69] agreed qualitatively
with the experimental results [76] for the structure on which the calculations were
based. Differences between the calculated bistability width or voltage overhang,
and experimental data were thought to be due to the model not taking into
account the applied voltage dependence of the transmission probabilities for the
emitter and collector barriers, resonance width for charge buildup in the well,
attempt rate for electrons in the emitter and the capacitances of the barriers.
Contributions from inelastic scattering processes were also ignored.
The effect of significant charge accumulation within the central quantum
well during a tunneling resonance may also be studied optically [77]. In suitably
designed p-ir-n heterostructures or optically excited p and rz-type heterostructures
optical techniques such as photoluminescence [75,78,77], can be used to study
allowed optical transitions between the conduction and valence subbands within
the well.

Distinctive features of the optical transitions under study, such as

peak position, line width and integrated intensity, are strongly dependent on the
sheet charge density in the well. Estimations of the sheet charge density, type
of recombination, as well as whether or not the 2DEG in the quantum well is
degenerate can be made. Optical properties of double barrier resonant tunneling
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structures are discussed in chapter 6.

Figure 2.6: Relationship between the accumulated charge in a 2D emitter, nes
and the quantum well, n™ as a function of total applied bias voltage, V, for an
asymmetric DBRTS (taken from reference [69]).

2.7

Total Bias Voltage Distribution in a Reso
nant Tunneling Structure
In order to be able to describe experimentally observed features within

the I(V) curve of a double barrier resonant tunneling structure(DBRTS), one
must be able to model the bias dependence of the quasi-bound states in the
central quantum well and emitter region, as well as the depletion widths. The
effects of significant charge accumulation within the central quantum well during
a tunneling resonance must also be taken into consideration. The brief description
below is based on that given by Leadbeater [79].
Applying a bias voltage across the undoped active region of a DBRTS
leads to the formation of an approximately triangular emitter accumulation layer
in the corresponding conduction band potential profile and also results in 2D-2D
resonant tunneling as discussed above. The emitter profile may be modelled using
the variational wavefunction approach of Fang and Howard [80,81] combined with
Poisson’s equation. Ideally one would choose a fully self consistent model based on
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the tunneling rate of electrons out of the emitter, which also takes into account the
screening effects of the 3D electrons in the contact regions and electron-electron
correlations.

However a self consistent model is quite complicated, especially

when charge buildup in the well is significant. Fortunately, such a model is not
required to obtain a reasonable estimate of the potential profile.
Figure 2.7 schematically shows how the total applied bias voltage, V,
is distributed in the conduction band potential profile of a DBRTS where V =
Ve + Vc. Ve, where Vc are the voltage drops across the emitter and collector
regions defined by de- w and dw- c. The emitter-to-well distance, de- w, is defined
from ze to the centre of the quantum well and the well-to-collector distance, dw_c,
is defined from the centre of the quantum well to zc. The average distance of an
electron in the emitter 2D EG from the emitter barrier, Ae, defines the point ze
and is more commonly known as the standoff distance. The distance to which
the collector contact is depleted from the collector barrier, Ac, at a given bias,
defines zc.
The bias distribution is then
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where ^e(c) is the electric field in the emitter(collector) region, cre(w) and

are

the sheet charge density and electron sheet density in the emitter(well) respec
tively, and

k

is the relative permittivity. The simplified model equations 2.9 and

2.10 describe, assumes that the electric fields are uniform in each region and that
space charge is distributed as “sheets of charge” in the emitter, well and collec
tor depletion regions. Leadbeater [79], for example, has given a more realistic
description for devices of design equivalent to those studied here.
The standoff distance, Ae, is the average distance of an electron in the
emitter 2D E G from the emitter barrier.

Using the variational wavefunction

approach where extension of the wavefunction into the emitter barrier is taken
to be zero, Ae is given by
i
. .
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Figure 2.7: Schematic electronic energy band profile, in the growth direction,
of an asymmetric double barrier resonant tunneling structure under an applied
potential, V. Charge in the central quantum well may be present but is not shown.
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where \jj is the variational wavefunction in the emitter and z — 0 is at the interface
between the accumulation layer and the emitter barrier.
The depletion length, Ac at a given sheet carrier density, ns{= n^ + rz™),
depends on the level of doping in the collector contact. If the doping density, TV,
is < 5 x 1017 cm~3 then Ac can be estimated using
Ac = £

(2.12)

If N is > 5 x 1017 cm~3 then Ac can be estimated using the Thomas-Fermi screening
theory

/ K0Kh\l V
’

\e2m * (3 N )i)

(213)
K

J

All of the heterostructures studied in this thesis have doped contacts
which are graded in level from undoped to > 1018 cm~3 and so both methods
must be used if the lightly doped layers are fully depleted at a given tzs, ie
ns > Nidi, where di is the doping length of the ith level.
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Chapter 3
Experimental and Sample
Details
This chapter describes and discusses the facilities and techniques used to
carry out the work outlined in this thesis. Experimental techniques employed were
electrical, magneto-electrical, optical and photo-excitation. All the experiments
were performed in the Department of Physics at the University of Wollongong.

3.1
3.1.1

Measurement Facilities
Low Temperature Optical Cryostat
The majority of experiments were done in a Standard Oxford Instru

ments optical cryostat, model MD404. This is a variable temperature cryostat
capable of providing stable operating temperatures (within ±1 K) between 2
and 300 K when operated in conjunction with an Oxford Instruments CLTS-2
temperature controller. The temperature is monitored by a temperature sensor
situated close to the sample.
The sample is cooled via a heat exchanger and exchange gas down to
4.2 K. Liquid helium flows through the heat exchanger via a needle valve and the
exchange gas is usually low pressure helium gas at ?nj160 Torr at room tempera
ture. Temperatures below 4.2 K are obtained by pumping on the heat exchanger
helium reservoir and above 4.2 1^ via a block heater which can be automatically
or manually controlled by the CLTS-2.
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The cryostat also has five optical access ports which allow for photo
excitation in conjunction with temperature dependent electrical experiments.
The room temperature or outer windows are mounted via rubber O-rings and
are constructed of waterfree silica. The cold or inner windows are mounted via
indium seals and are constructed of sapphire or quartz.
The samples were mounted with the growth direction horizontal in a
teflon sample holder. Teflon was used so that the sample was electrically isolated
from the sample stick. Enameled copper wire leads via lead-throughs were fed
from the top of the sample chamber to bias the sample. These were kept to a
minimum length (~ 1m) and number (2) so as to minimise inductance (<
capacitance (< 10pF) and resistance (< 10m _1). Thick Cu wire led to large
heat transfer down the leads due to the large temperature differential, yet thin
Cu wire led to increasing values of resistance. Thirty four gauge wire was chosen
as a compromise.
Magneto-electrical experiments were performed in an Oxford Instru
ments 7 Tesla spectromag split pair superconducting magnet with an MD10 bath
cryostat and variable temperature insert. This is a continuous gas flow cryostat
where helium gas/liquid flows directly into the sample space via a needle valve to
cool the sample. Temperatures below 4.2 K are obtained by flooding the sample
space with liquid helium, closing the needle valve and reducing the vapour pres
sure by pumping on the static liquid. The magnet is immersed in liquid helium
and operated at 4.2 K. The resulting field is homogeneous to within 1% through
out a cylindrical volume, with diameter 14mm and length 25mm, in which the
sample is positioned. The maximum field of 7 T requires a current of 60 A.

3.1.2

Spectrometer
Optical experiments discussed in this thesis involved the use of a Spex

1704 1 m grating spectrometer with the grating blazed at 5000 A with 1200 linesmm-1 .
In these experiments the resolution was usually limited by the entrance slit width.
Under ideal conditions the resolution is limited by the Reciprocal Linear Dis
persion (RLD). The RLD depends on the illuminating wavelength, the grating
constant (spacing between the grooves) and the spectral order. For the lm SPEX
and its grating with 1200 grooves'mm-

the RLD — 7.7 A tmti

at 8273 A.
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3.1.3

Lasers
Two Spectra Physics HeNe lasers and a titanium sapphire laser were

used in the experiments outlined in this thesis. Both the HeNe lasers emit light
at wavelengths of 632.8 nm corresponding to a photon energy of 1.959 eV which
is well above the GaAs bandgap (1.519 eV at 4 K ). The model 106-2 HeNe laser
has an output power of 18 m W and spot diameter of ~ 0.3 mm, and was used for
most of the photoluminescence measurements. The titanium sapphire laser is a
Spectra Physics model 3900. It has wavelength tuning capabilities from 650 nm
to 1.1 fim and is pumped by a Spectra Physics model 2040, 25 W argon ion laser.
A lens/mirror system permitted focusing of the spot to ~ 100 /xra and accurate
positioning of the spot on the sample.

3.1.4

Detectors
All of the optical experiments in this thesis incorporate the use of a RCA

C1034A GaAs Peltier cooled photomultiplier tube which was usually operated at
a voltage of 1500 V. This detector was very suitable for luminescence work in
the region of interest in this work (around 7700
response curve out to 8900

A or

1. 6 eV) as it has a flat

A and low dark current equivalent to less than 100

photons per second.

3.2

Experimental Techniques

3.2.1

D C Electrical Techniques
These experiments were performed using two different methods. Con

ventional measurements involved the use of a Keithley (model 230) stabilised
voltage source in conjunction with a Keithley (model 199) multimeter/scanner.
The other method used an active operational amplifier circuit as the voltage
source and a transimpedance amplifier circuit as a current monitor.

Both of

these methods are discussed in more detail in chapter 4. The current-voltage op
erating point was also simultaneously displayed on a Tektronics 400 MHz digital
oscilloscope in real time to check for circuit oscillations (see chapter 4).
Temperature dependent electrical measurements were only performed
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in the Standard Oxford Instruments, MD404, cryostat. The desired temperature
was set using the CLTS-2 temperature controller and the system was allowed to
equilibrate for a few minutes before an I(V) curve was measured.
Magneto-electrical measurements involved the same procedure as the
standard electrical techniques except that the sample was mounted on a sample
stick suitable for use in the magnet cryostat.
Both the voltage source and the digital multimeter could be either op
erated manually or automatically via a computer. This made data acquisition
much easier since one could just set the range and increment for the desired mea
surement, the data would then be automatically collected and stored on disk.
Data was analysed and displayed in a suitable form using a variety of programs.

3.2.2

Optical Techniques
The equipment layout for doing optical experiments is shown in fig

ure 3.1. The main optical techniques used in this thesis were photoluminescence
(PL) and photoexcitation. In all cases the sample is situated within the sample
space of the cryostat in the region of the optical access ports.

Incident light

from some source is then focussed onto the sample via a lens (LI in fig 3.1).
Optical experiments involving resonant tunneling structures are usually done in
conjunction with the sample being biased.
In the photoluminescence technique, the light source (usually a laser)
or emitted sample luminescence, is modulated via a mechanical chopper. The
resultant luminescence spectrum from the sample is then detected by the scanning
spectrometer. The detection wavelength of the spectrometer is incremented via
triggering pulses from the data collection computer.

The relative intensity of

the luminescence signal is measured by the photomultiplyer in combination with
standard lock-in techniques. The photoluminescence spectrum is then displayed
in a relative intensity vs energy figure. The intensity of the incident beam is
kept below about 0.5 W cm ~2 so as to minimise the amount of perturbation to
the system. It should be noted that the luminescence from the sample is emitted
in all directions and only a very small fraction (<I 1%) is channelled into the
spectrometer via the two lenses, L2 and L3.
In all of the experiments outlined in this thesis phase sensitive detection
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techniques were used to improve the signal-to-noise ratio.

Figure 3.1: Schematic diagram of the experimental apparatus used for optical
studies of double barrier resonant tunneling heterostructures.

3.2.3

Sample Growth — Molecular Beam Epitaxy
Molecular Beam Epitaxy (MBE) involves the precise growth of ex

tremely high quality compound semiconductor crystals. For a detailed description
of MBE see ’’ The Technology and Physics of Molecular Beam Epitaxy” [39]. In
dividual elements are stored under ultra-high vacuum conditions ( «

10~10 —

10~11mbar within crucibles called Knudsen cells which are located on the surface
of a sphere and point in the direction of the centre of the sphere. Each cell can
be independently operated/accessed via computer controlled mechanical shut
ters. The shutters open into the spherical ultra-high vacuum chamber in which a
heated substrate material is rotated in the plane of the substrate surface at the
centre of the sphere. The substrate material is free of defects and the surface is
extremely clean. It is rotated to maintain homogeneity across the wafer as the
crystal is grown. When a shutter is opened the evaporated atoms flow ballistically to the substrate material. This process ensures that the flow of atoms is in
the form of a narrow beam.
The whole growth process is monitored, monolayer by monolayer, in
situ via RHEED oscillations and the growth rate is « 1 monolayer per second.
The combination of these attributes, and other aspects mentioned above, is what
makes the MBE process produce crystals with such high quality and precision
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and is why it is generally regarded as the most suitable process for growing these
types of structures.
The samples under study in this thesis were all grown on < 100 > oriented n+ gallium arsenide substrates which were held at a temperature of
923 K. The sample wafers were processed into devices using standard photolitho
graphic techniques in which mesas (cylinders/pillars) of diameters between 5 and
200fim were defined and then etched to a depth of « 3fim. Ohmic AuGe con
tacts were evaporated onto the substrate, common to all devices, and to the
top/capping layers of each device. The top contacts for devices with mesa di
ameters > 25/ira were annular in shape so as to allow for optical access in the
experiments described in chapters 6 and 8. Sample wafers were then cleaved into
square chips with surface areas of « 1.5 mm2. The chips then contain anything
up to a hundred devices, of which eleven can be simultaneously or individually
biased when the chip is mounted onto a standard T 0 5 header.
All of the samples studied in this thesis were grown at the University of
Nottingham and processed at the University of Sheffield, except ME1177 which
was grown and processed at the University of Sheffield.

3.2.4

Sample Layout
Of particular interest to this thesis are structures which exhibit signif

icant charge accumulation within the quantum well region when the device is
biased near a tunneling resonance. It is this charge accumulation which results
in intrinsic current bistability being observed in the current-volt age characteris
tics. Although intrinsic current bistability has been observed in some symmetric
resonant tunneling structures [82,83], it is usually associated with resonances be
tween the emitter level and the second or third quasi bound level in the central
quantum well. Some asymmetric structures show significant charge accumulation
at the first electron tunneling resonance when biased such that electrons tunnel
through the thin barrier first [84,85]. A schematic cross section of a typical asym
metric DBRTS is shown in figure 3.2. Forward bias is defined, throughout this
work, when the top/capping layer is biased positive. In this case electrons are
injected from the substrate layer, parallel to the growth direction, through the
double barrier region to the capping layer.
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Figure 3.2: Schematic cross section of a double barrier resonant tunneling het
erostructure showing the central quantum well (w), barrier (bl and b2) and spacer
(s) layers on an expanded scale. The corresponding conduction (C.B.) and va
lence (V.B.) electronic energy band profiles in the growth direction together with
the quasi bound energy levels associated with each central quantum well are also
shown schematically.
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Table 3.1 shows the details of the layer structures for the DBRTS’s used
in this thesis. All of the structures are n-i-n type devices, unless otherwise indi
cated, with the active region, including the spacer layer adjacent to the barriers,
being undoped. The doping level is graded down in steps from both the substrate
and capping layer to the active region. This specific design causes the majority
carrier mobility to be significantly increased [39] and dopant diffusion into the
AlGaAs barriers is significantly reduced, leading to much improved device char
acteristics [86]. Another reason for the doping steps is so that when the device is
biased, confinement of the electrons motion in the growth direction leads to the
formation of a quasi-two dimensional electron gas in the emitter region. In this
case when the conditions for resonant tunneling are satisfied the tunneling will
be of a 2D-2D nature, leading to much sharper resonances.1

1Section 2.5 deals with this in more detail.

Device
Name
NU183
NU221
NU1080
NU1081

Layer Details
di

d<2

2fim
2 x l 0 18
2fim
2 x l 0 18
1.5fim
2 x 1018
1.5 fim
2 x 1018

500A
l x l O 17
500A
1 x 1017
500A
l x l O 17
500A
1 x 1017
500A
1 x 1017
500A

NU1082

1.5^im

ME1177

2 x 1018
1fim

ds

S

34A
500A
1 x 1016
34A
500A
1 x 1016
34A
500A
l x l O 16
34A
500A
1 x 1016
34A
500A
1 x 1016
50A
500A

bi

w

b2

s

C?4

8Zk

58A

lllA

34A

57k

59A

14lA

34A

85A

59A

113A

34A

85A

59A

105A

34A

85A

59A

1 2 lA

34A

83A

62k

iio

A

50A

500A
1 x 1016
500A
l x l O 16
500A
l x l O 16
500A
1 x 1016
500A
1 x 1016
500A

ds

^6

0.5 fim
500A
l x l O 17 2 x l 0 18
500A
0.5 fim
l x l O 17 2 x 1018
500A
0.5 fim
1 x 1017 2 x 1018
500A
0.5 fim
l x l O 17 2 x 1018
500A
0.5 jam
l x l O 17 2 x 1018
500A
1 fim

Table 3.1: Compositions of the resonant tunneling heterostructures studied in this thesis. Note that the heterostructure ME1177
has an In 0_05Ga0_95As prewell layer and GaAs spacer layer between the s and bi layers. The prewell layer width is 200 A and the
spacer layer width is 10 A.
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Chapter 4
Negative Output Resistance
Voltage Supply and Circuit
Stability
4.1

Introduction
This chapter is concerned with the novel measurement technique used

to observe and study regions of intrinsic current multistability in the electrical
I(V) characteristics of certain resonant tunneling structures (RTSs). It has been
ascertained by other workers in the field [76,77] that intrinsic current bistability
is a result of significant charge accumulation within the central quantum well of
such RTSs when biased in the vicinity of a tunneling resonance. The motivation
for the development of the new technique arose from the realisation that although
the current bistability was intrinsic to these particular structures, it was possible
that the bistable region might conceal a continuous curve. Such a case would
correspond to current tristability, as suggested by some theories [74], or, possibly
more complex structure.
The first section of this chapter outlines the details of conventional mea
surement techniques and the reasons why current bistability is measured in the
I(V) curve. The next section deals with the use of an active (operational ampli

fier) circuit to simulate negative resistance and how the technique, in principle,
can be used to probe regions of current bistability. The last section is concerned
with problems associated with both of these measurement techniques, particu-
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larly in regard to stability against circuit oscillations and how these problems can
possibly be overcome.

4.2

Conventional Electrical Measurement Tech
nique
This section deals with the most common way in which RTSs have been

characterised up until now and how the bistability arises in the I(V) curves of
asymmetric double barrier resonant tunneling structures.

All of the previous

work associated with the study of vertical transport in RTSs have incorporated
the use of conventional electrical measurement techniques. The technique has
revealed detailed information on the physics of the tunneling processes within
these structures, not only alone, but also when combined with other investigative
techniques such as photoluminescence, photoluminescence excitation and mag
neto capacitance. In all previous work the various properties under investigation
were studied as a function of an applied external bias. The limitations of the tech
nique were not considered until the advent of structures which displayed regions
of intrinsic current bistability.
Figure 4.1(a) shows a typical conventional measuring circuit used to
study RTDs.

It includes a voltage source in series with some resistance

which can be made arbitrarily low, and the RTD. From Kirchhoff’s law we know
= I R l + Vd

(4.1)

Rearranging gives the load line equation.

7

It should benoted here

=

^

+

£

( 4 ' 2 )

that the slope of the load line isalwaysnegative for

positivevalues of R land that if R^ & 0 then the load line

isnearly vertical. A

positively sloping load line would correspond to a negative series resistance.
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Figure 4.1: (a) Circuit diagram using conventional measurement techniques, (b)
Schematic I(V) near a tunneling resonance showing how bistability arises.
Whenever making a measurement under static conditions the operating
point must lie on this line. Figure 4.1(b) is a schematic diagram of part of a
typical I(V) curve in the region of a tunneling resonance on an expanded voltage
scale and shows how the bistability arises. Also plotted are two load lines LI
and L2 with different positive load resistances.

The point at which the load

line intersects the intrinsic I(V) curve of the device under study is the quiescent
point (Q in figure 4.1(b)).

The dashed part of the I(V) curve represents the

portion which remains inaccessible to conventional measurement techniques for
reasons detailed below. This part of the characteristic had been predicted by
some theoretical models [69,74] although never experimentally observed prior to
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the work described in this thesis.
As the source voltage is increased, the Q point maps out the intrinsic
I(V) curve of the structure. Once at point A, a further increase in source voltage
causes the current to switch as indicated by the dotted arrow in figure 4.1. The
current switches to the only stable operating point for the circuit at that par
ticular source voltage. At point B, the device is off resonance and if the source
voltage is reduced the lower branch of the bistability is mapped until point C
is reached.

Here, current switching occurs again to the next stable operating

point D, as indicated by the dotted arrow in figure 4.1 and the hysteretic loop
delineated by the dotted arrows is completed. It should be noted that no static
data points exist along these lines. The dynamics of switching from A to B and
from C to D depends on details of the circuit used. Any region between A and
C is inaccessible to this technique.

4.3

Negative Output Resistance Voltage Sup
ply
In order to examine whether the I(V) curve is truly bistable, i.e. no

stable operating points exist within the hysteresis region ABCD, a positively
sloped load line must be used.

If no such operating points exist the Q point

would switch to any stable operating point along the load line. Such a point may
be beyond the resonance region at a much higher current and voltage. However, if
stable operating points do exist between A and C then these would be measured
as long as the slope of the load line =
I(V) curve between A and C =

r

D e VICE

Rl

remains less than the local slope of the
’ defining the measurement condition

+ R d e v ic e < 0

(4*3)

The measurement condition indicates that the total circuit resistance, R? —
Rl +

R d e v ic e ,

is less than zero for any Q-point within the resonance overhang.

In a simple circuit with, for example, one reactive component, an inductor L,
the circuit response to any perturbation is e~RTt!L which is unstable if R? < 0.
More complex circuits require s-analysis, as discussed in the next section, or the
approach adopted by Wacker [87].
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Figure 4.2 shows the active circuit used to provide a load line charac
teristic of a negative series resistance and its corresponding load line. It is more
commonly referred to as a negative output resistance (NOR) circuit. It works
on the basis that as more current is drawn from the NOR circuit the output
voltage actually increases. This circuit then replaces the voltage source and ar
bitrary resistance in the conventional technique and simulates a voltage source
and negative series resistance.
The circuit is simple to analyze if one assumes that the op-amp has
infinite input impedance, zero output impedance, infinite open loop gain and no
frequency roll off ie. an ideal op-amp. In this case
Ii + I f =

0

(4-4)

VQ

/ .

where
7-

1=

km
R1

^

r

\

^

and
t
v„ + loR*
t A r\
I f = ---- p-----------------------------------------------------(4-6)
4i2
Substituting 4.5 and 4.6 in 4.4 and solving for Ia gives

/. =

^
itL

=► V. = v in + I0R l

( 4 .7 )

ith

where
Rl = ^

t
it2

(4.8)

If the only other element completing the circuit is the RTS, then equation 4.7
defines the load line equation for the circuit as displayed in figure 4.2(b). Compar
ing this equation with the equivalent for conventional techniques (equation 4.2),
one can directly see that the load line now has a positive slope as shown in
figure

4 .2

(b), implying that the equivalent load resistance is negative.
The NOR technique can be used to probe regions of current bistability

in two ways. One is by changing the slope of the load line via the variable resistor
R x while keeping Vin constant. The other is to keep the slope of the load line
constant while sweeping Vin. For all of the measurements done in the thesis the
latter technique was adopted to simplify the data collection process.
However no op-amp has the ideal properties mentioned above. One has
to understand the limits under which measurements can be made. This is dealt
with in the next section.
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Figure 4.2: (a) Circuit diagram of the negative output resistance (NOR) sup
ply, (b) Equivalent load line for the NOR supply with respect to output current,
I Q and voltage Va. The equation for this line is given by equation 4.7
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4.4

Circuit Stability
Using the NOR circuit it should be possible, in principle, to probe cur

rent bistability observed in the I(V) curves of any device. Hence the potential
of the NOR technique is enormous since such bistabilities have been observed in
many RTSs such as n —i —n , p —i —n, p —i —p double [84,88] and triple barrier
structures [89,90], as well as superlattices [91]. The circuit was tested on a variety
of n —i—n, p—i—p symmetric and asymmetric double barrier structures as well as
n —i —n , p —i —n symmetric and asymmetric triple barrier structures with limited
success.
The main problem was circuit oscillations which tended to sponta
neously occur in regions of NDR and current bistability.

This problem is not

unique to the NOR measurement technique and in fact one of the first reported
cases of current bistability [73] in these types of devices was later proved to be
extrinsic, a result of circuit oscillations in a region of NDR [92,93].
The problem of total circuit stability within a region of current multista
bility, when measured using the NOR measurement technique, has not specifically
been examined until very recently [94,95]. Previous studies based on conventional
measurement techniques may be found in references [96,97]. The principles are
the same as any s-analysis problem. We adopt a linear model and assume that
the current and voltage response of the circuit to a small perturbation is of the
form est where s is, in general, complex. If R e(s) = x is negative then any pertur
bation will die away exponentially and the circuit is stable. If however R e(s) = x
is positive then the perturbation will exponentially increase into relaxation oscil
lations. The resulting circuit oscillations can lead to spurious, extrinsic data, as
illustrated in figure 4.3 and documented in references [93,98]

4.4.1

Circuit M odel
Figure 4.4 shows the equivalent circuit model for the NOR measuring

circuit and the DBRTS. The equivalent model for the DBRTS, as discussed by
other workers in the field [68,99], allows for the possibility of free charge existing
between C e and C c. This is equivalent to charge existing in the DBRTS well.
Charge buildup in the well during a tunneling resonance and the electrostatic
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Figure 4.3: (a) Schematic diagram of extrinsic bistability in the I(V) curve of
a resonant tunneling structure resulting from high frequency circuit oscillations.
Arrows delineate the region of extrinsic bistability, (b) Schematic diagram of the
intrinsic I(V) curve when high frequency circuit oscillations are not present.
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feedback effect is well documented as being responsible for the current multista
bility in the I(V) curve of some DBRTS’s [68,69] The equivalent circuit consists of
two parts. The first part (NOR) includes two components R^ and C^ which are
the equivalent load resistance and capacitance respectively. The second part in
cludes four components which represent the equivalent resistance and capacitance
of the emitter and collector-to-well regions. L is the lead inductance.

i f ? * RMT
EQUIVALENT
CIRCUIT

Figure 4.4:

DBRTS EQUIVALENT
per py ttt

Equivalent linear circuit model of the NOR voltage source and

DBRTS.
The dynamic circuit impedance, Z (s ) = dV/ d l, is given by

z

^ = i + 7r JT l+ s L + i +

+ i +^

which rearranges to give
Z (s)

=

s \ L R eR LR cCeCLCc)

+

s3L {R eR LCeC L +

+

s2(R,,R l R cCeC L + R eR LR cCcCL + ReRLRcCeCc + L (R l C l + ReCe + RcCc))

+

+

s \ R eRLCe+
S°(Rl + Re ~*r Rc)

R eRcCeCc+ RcRLCcCL)

R eR cCe+ ReRcCc + ReR LCL + RcR

(4-10)
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However Z (s) =

0

since Z (s) = dV/dl and the voltage source maintains a con

stant potential across the whole circuit, so equation 4.10 is of the form
anSn = 0

(4.11)

71=0

for which it is difficult to obtain solutions.

A necessary (but not sufficient)

condition for the stability requirement, R e(s) <

0

, is that all the coefficients have

the same sign. This is simple to determine. As discussed above, R l + Rd <

0

is the required measurement condition for the load line to intersect the device
characteristic in the region of multistability. Since Rd = Re + Rc, this defines the
sign of a0 and hence an. One can now predict combinations of R l and C l for
total circuit stability in the region of multistability.

4.4.2

Islands of Circuit Stability
Figure 4.5 shows the predicted values of R l and C l which should give

rise to total circuit stability within a region of multistability for the asymmetric
double barrier resonant tunneling structure, NU183. The estimations of the pa
rameters are discussed below. The requirement of negative R l values for stability
was expected as a required measurement condition (coefficient of s°), as discussed
above. However the condition of negative C l was not expected. When doing the
measurement experimentally, the negative C l condition was found to be true and
critical (see chapter 5). The conclusion that a negative C l is required for circuit
stability has also been reached by Wacker [87] who used a different approach to
the stability problem.
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' L=l/zH,
RE=-2.4kfi,
. Rc=7.1kf2,
CE=150pF,
Cc=30pF

0

2500

■

5000

7500

10000

12500

IRlI(fi)

Figure 4.5: Predicted island of stability in RL — C l space as determined by the
coefficients of s, as discussed above, for an asymmetric DBRTS.
To try and predict regions of total circuit stability for a particular region
of observed bistability, the parameters Re, R c, Ce and Cc depend on the individual
heterostructure and L is usually limited by the lead-throughs down the cryostat.
The values of R l and C l predicted for total circuit stability are those at the
output of the NOR measuring circuit plus any associated with the lead-throughs
to the sample. The island of stability is not sensitive to L for reasonable values
of L.
Figure 4.6 shows part of a typical I(V) curve for the asymmetric resonant
tunneling structure, NU183 at 40 K. The values of Re and Rc are estimated as
shown. In the region of interest, the central arm of the Z, it is assumed that Re
and R c remain constant. From the graph Rc = 7.1 kQ, and Re = —2.4 kCl. The
values of Ce and Cc may be estimated using the equation
C

=^
(4.12)

d

where A is the heterostructure area and

k

is the relative permittivity.

Ce(Cc), d corresponds to de_w(dw_ c) as outlined in section 2.7.

For

The value of

58
the stand-off distance, Ae and depletion length, Ac are determined from the value
of ns = nes + n™ w 4 x 1011 cm~2 estimated at the peak of the resonance us
ing magneto-oscillations [76] for an essentially identical structure. The model
assumes that Ae and Ac remain constant over the region of interest. This is a
reasonable assumption since although there is a significant change in n™ the total
bias remains approximately the same.

Voltage (V)

Figure 4.6: Estimation of circuit model parameters from the experimental I(V)
curve of NU183 at 40 K.
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Chapter 5
Intrinsic Multistability
This chapter discusses the first experimental observation of an intrinsic,
continuous, multistable tunneling resonance, which was successfully measured
using the negative output resistance, (NOR), voltage source.

The continuous

multistability is associated with the resonant tunneling current of an asymmetric
double barrier resonant tunneling structure. The first section involves a brief
comparison of experimental results obtained in the vicinity of a tunneling res
onance using the NOR measurement technique and conventional measurement
techniques on a resonant tunneling structure.

The next section describes the

temperature dependence of the multistability, where at low temperatures, satel
lite structure is resolved from the main resonance. The final section discusses the
effect of applying a magnetic field perpendicular to the current density, (parallel
to the layer plane) on the multistability and how the observations mimic the ef
fects of increasing temperature. The similarities between the observations imply
that a similar mechanism may be responsible for the temperature dependence.

5.1

Introduction
Strictly speaking, the intrinsic current bistability, measured in the I(V)

characteristics of some resonant tunneling heterostructures may also be referred
to as current multistability. Such bistability has been measured using conven
tional measurement techniques (see figure 5.1(a) near 0.75 V) in a wide variety of
7i,

p and p — n type resonant tunneling heterostructures including double barrier

heterostructures [84,85,100], triple barrier heterostructures [101,89] and super
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lattices [91]. The question as to whether a portion of the characteristic may exist
within the region of bistability has been the topic of much discussion [68,69,74].
Some theories suggested that this portion may only be an artifact of theoretical
calculations [97].

Others suggested that even if such a portion did exist, the

operating points making up the portion would be unconditionally unstable, mak
ing it impossible to bias a device at those operating points [1 0 2 ]. This seemed
a reasonable conclusion at the time since the theory was based on conventional
measurement techniques used to bias structures and there had been no reported
experimental cases of the existence of such a portion.
In principle, the NOR circuit immediately overcomes the problem of not
physically being able to move the position of the Q point (see chapter 4 ) into the
region of bistability since the corresponding NOR load line has a positive slope.
One can optimize the slope required by altering the amount of negative resistance
in the circuit. When actually making a measurement within the bistability it was
also necessary to include some negative capacitance, as indicated by the simple
circuit analysis in section 4.4, in order for the whole system to stabilize.

5.2

Comparison of Measurement Techniques
The NOR circuit was used to measure the I(V) curves of numerous res

onant tunneling structures. Portions of the I(V) curves which could be measured
using conventional techniques were successfully measured in all of the structures
studied using the NOR circuit and, in all cases, gave the same results. Figure 5.1
shows two I(V) curves of a typical asymmetric double barrier resonant tunneling
structure (NU183) at a temperature of 4.2 K. The upper curve was measured us
ing conventional techniques and the lower curve using the NOR technique. The
two curves are identical except that in curve (b) no current switching is observed
in the region near the peak of the tunneling resonance in forward bias.

This

region is discussed in more detail in the following sections.
The fact that the two curves are otherwise identical indicates that the
NOR circuit is stable and operating as expected, giving confidence to the portion
of the I(V) curve measured within the bistable region. Circuit stability within
the bistable region was, however, not the case in general. In a significant num
ber of the resonant tunneling heterostructures studied, the NOR circuit would

Current

(pA)
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Voltage (V)

Voltage (V)
Figure 5.1: I(V) curve for the asymmetric double barrier resonant tunneling struc
ture NU183 at 4.2 K measured using (a) conventional measurement techniques
and (b) the NOR technique.
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oscillate spontaneously once the load line began to probe the region of current
bistability. Large amplitude oscillations lead to spurious data being recorded.
The initial reports of intrinsic current bistability in a resonant tunneling struc
ture by Goldman et. al [73] were later argued to be extrinsic, and a result of
circuit oscillations [92]. Circuit oscillations and their cause have been discussed
in more detail in chapter

4.

The frequency of typical circuit oscillations range between
200

200

kHz and

MHz so it was imperative that the static I(V) curve was traced out in real

time on a fast oscilloscope during data collection. For the work done in this thesis
a 400 MHz digital oscilloscope was used to monitor the current through, and total
bias voltage across, the heterostructure as a function of time, ie I(t) and V(t).

5.3

Temperature Dependence of the Intrinsic
Multistability
As discussed in chapter 4, the NOR measurement technique provides

a mechanism, in principle, for biasing the resonant tunneling structure within
regions of current bistability. Within the bistable region the resonance condition,
as discussed in section 2.6, remains partially satisfied as shown in figure 5.2. It
should be noted that the bias conditions discussed here represent the standard
2D — 2D sequential resonant tunneling conditions as described in section 2.5.
However, the relationship between the total applied bias and the emitter-to-well
voltage is highly non-linear over the resonance as a result of the charge buildup
in the central quantum well, combined with the electrostatic feedback effect [69].
Figure 5.2 schematically shows a portion of the energy band diagram of
the resonant tunneling structure at three different emitter-to-well voltages and
the corresponding operating point (black dot on the I(V) curve) in terms of total
applied bias voltage, V, in the measured I(V) tunneling resonance. The finite
(inhomogeneous) width of the emitter (Do) and well (Di), quasi bound energy
levels have been significantly broadened to illustrate the resonance condition when
it is partially satisfied.
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Emitter
Barrier

Figure 5.2: Schematic diagram of various emitter-to-well bias voltages, V e~w, and
equivalent points in the I(V) characteristic in terms of total applied bias voltage,
V. The hatched regions signify occupied states at low temperature,

(a) The

resonance condition is partially satisfied at V£~w. (b) The resonance condition
is satisfied at V *~w. (c) The resonance condition is partially satisfied again at
Vae~w but Vce~w > Vae~w.

Figure 5.2(a) shows the resonance condition partially satisfied at V^~w
and the corresponding operating point on the I(V) characteristic at the total
applied bias voltage, Va. Figure 5.2(b) shows the resonance condition satisfied
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at V*~w and the corresponding operating point on the I(V) characteristic at
Vp. Figure 5.2(c) represents the bias condition which is only obtainable via the
NOR measurement technique and shows the resonance condition partially satis
fied again at Vce~w with the corresponding point on the I(V) characteristic at Vc.
It should be noted that V e~w increases monotonically over the resonance whereas
V does not and is a result of the charge buildup in the well over the resonance,
combined with the electrostatic feedback effect [69].
Figure 5.3 shows the development of the intrinsic multistability between
160 and 77 K. The multistability is associated with the first forward bias tunnel
ing of the asymmetric double barrier resonant tunneling heterostructure NU183
and was measured using the NOR measurement technique. At 160 K no multista
bility is observed, instead, a region of NDR is measured on the high bias side of
the emitter-to-well resonance. As the temperature is lowered and the resonance
sharpens, the slope of the NDR region becomes steeper and by 150 K this region
is almost vertical, indicating zero differential resistance.
The re-entrant Z shaped characteristic is clearly observable at 130 K.
The shape of the overhang agrees qualitatively with that predicted by Coon et
al. [7 4 ] and the curve is tristable, as opposed to bistable, since three stable current
operating points exist in this region. The I(V) curve is smooth and continuous,
and the same curve is measured when sweeping the bias up or down.
Figure 5.4 shows the temperature dependence of the I(V) in this het
erostructure from 40 K down to 4.2 K. Below about

20

K, structure begins to

develop within the central arm of the Z shaped characteristic and by 4.2 K
a separate satellite structure (labeled PAT in the 4.2 K I(V) of figure 5.4) is
clearly resolved from the main tunneling resonance and the LO phonon satellite
(see figure

5 .5 ).

The PAT satellite is associated with plasmon assisted tunneling

and is discussed in more detail in chapter 7. As stated earlier, the portion of
the I(V) characteristic defining the central arm of the Z corresponds to a range
of emitter-to-well biases where the well energy level (ei) is slightly below the
emitter energy level. Therefore the satellite, which is observed at a lower to
tal bias (P A T

0.720 V ) than the main resonance peak bias (Vp = 0.730 F ),

corresponds to the high bias side of the emitter-to-well resonance as shown in
figure

5 .2

. The electrostatic feedback effect which tips the resonance curve to the

right, as discussed in section

2 .6

, is responsible for the resulting bias voltage po-
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Figure 5.3: Temperature dependence of the first forward bias tunneling resonance
in NU183. Labeled is the central arm of the Z, (CAZ), the resonance peak and
valley voltage (Vp) and (Vv) respectively.
200 fim in diameter.

The heterostructure mesa size was
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Figure 5.4: Temperature dependence of the first forward bias tunneling resonance
for NU183 between 4.2 K and 40 K. Labeled is the voltage overhang, A V —
- Vv.
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Figure 5.5: (a) First forward bias tunneling resonance in NU183 at 4 K. The
satellite at ~ 0.9 V, labeled LO, is associated with LO-phonon assisted tunneling
and is well resolved from the main resonance (MR), and PAT satellite, (b) First
forward bias tunneling resonance on an expanded voltage scale. The PAT satellite
is clearly resolved from the main resonance.
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sitions. It should also be noted that the satellite lies within the current switching
lines which delineate the region of bistability when measured conventionally as
shown in figure 5.1(a), and is one reason why it is not observed using conventional
techniques.
Figure 5.6 shows the first tunneling resonance but in reverse bias. In
this bias direction the low and high bias sides of the main resonant peak —the
wings of the resonance - directly correspond to the low and high energy sides of
the emitter-to-well resonance. No satellite structure is observed within the wings
of the main resonance.

The phonon assisted tunneling resonance is observed,

separated from the main resonance in reverse bias, as is the case in forward bias
(see figure 5.1(b) near 0.9 V). Satellite structure within the wings of the main
resonance would be expected if the satellite observed in forward bias was due to
some impurity or defect assisted tunneling process.

Figure 5.6: First reverse bias tunneling resonance in NU183. The satellite at
^ _0.5 V is associated with LO-phonon assisted tunneling. Inset: first reverse
bias tunneling resonance on an expanded voltage scale.

The fundamental difference between the first reverse and forward bias
tunneling resonances of NU183 is that reverse bias resonance does not involve
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any significant charge accumulation within the quantum well over the resonance.
Therefore it is not unreasonable to suspect that the PAT satellite is at least
associated with, if not a direct consequence of, the accumulated charge in the
well at resonance.
It should be noted that the first forward and reverse bias tunneling reso
nances constitute an excellent experimental system for the purpose of comparison
and understanding characteristics of resonances which occur with or without an
associated charge buildup in the central quantum well.

5.3.1

Discussion
Reduction of the temperature, as shown in figures 5.3 and 5.4, results

in changes to the peak to valley ratio, resonance linewidth and the width of the
voltage overhang, A V . Here A V is defined in the 4.2 K resonant I(V) curve of
figure 5.4. The temperature dependence of some of the features mentioned above
are only observable in the forward (charge buildup) bias direction.

However,

there are distinct differences in the temperature dependence of other features
which can be compared with the reverse (non charge buildup) bias direction. All
of these features are discussed below.

Voltage Overhang, AV
Using the NOR supply, A V is generally greater than that measured
using conventional techniques at all temperatures for which the resonance I(V)
curve is multistable (40 mV compared to 35 mV respectively at 77 K). This
is expected since electrical noise causes the conventional load line to switch (see
chapter 4 ) to the low or high current states in the vicinity of the voltage extremes
delineating the region of bistability and defining the voltage overhang. When
using the NOR supply this problem is overcome so long as the slope of the load
line is suitably chosen such that small changes in input voltage do not cause large
changes in the Q point (see chapter 4).
Figure 5.7 shows the width of the overhang as a function of temperature.
As expected the data is very similar to that obtained using conventional tech
niques [79] for reasons stated above. On lowering the temperature, the overhang,
A V , is first observed near 150 K and increases to a maximum of ~ 60 m eV at
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40 K . As the temperature is further decreased A V begins to decrease. Using
conventional techniques it cannot be easily ascertained as to why this decrease
occurs. The NOR technique is able to map the whole resonance I(V) curve includ
ing the PAT satellite contained within A V and it is possible that the development
of the satellite plays a significant role in the decrease of AU with temperatures
below 40 K.
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Figure 5.7: Variation with temperature of the width, A V of the voltage overhang
associated with the first forward bias resonance of NU183. All data points were
taken from the I(V) curves measured using the NOR measurement technique.

The sharp decrease in A V with temperatures below 40 K closely follows
the sharp decrease in Vp shown in figure 5.8, implying that this is the principal
contribution. However another contribution, as uncovered by the NOR measure
ment technique, is the rate of change of Vv with decreasing temperature. This
rate of change reduces due to the development of the satellite structure within the
central arm of the Z. The contribution is made evident by the further narrowing
of the resonance near Vp. If the satellite did not develop as the temperature was
lowered one might expect the decrease in A V to be less drastic. The effect of the
satellite on A V also partially accounts for the differences between the measured
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and predicted A V discussed in section 2.6.
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Figure 5.8: Variation with temperature of the first forward bias resonance peak
voltage, Vp, valley voltage, Vv and peak current, Ip of NU183. All data points were
taken from the I(V) curves measured using the NOR measurement technique.

It should be noted that the NOR measurement technique provides a
more accurate estimate of A V than conventional measurement techniques where
noise induced current (or load line) switching near Vp and Vv can lead to unreliable
estimates of A V .
Based on the narrow resonance linewidth near the resonance peak at low
temperatures, the development of the satellite within the central arm of the Z may
partially account for the observation that the resonance voltage overhang, A V, is
smaller than expected. However the increase in the resonance peak current, Ip and
voltage, Vp with increasing temperature poses quite an intriguing problem as it is
opposite to what happens in the reverse bias direction (no accompanying charge
build up). The differences in the temperature dependence of Ip and Vp in forward
and reverse bias were observed using conventional measurement techniques in the
work of Leadbeater [79], although no explanation of the differences was given.
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On a simple model, the resonance current is assumed to be propor
tional to the charge in the well. An increase in the resonant peak current and
voltage implies that the charge in the well increases by some mechanism as the
temperature is increased to 40 K where A V is maximum.

Occupation Effect
The peak-to-valley (P 2 V) ratio in forward bias is always much lower
than in reverse bias at the first resonance. The development of the PAT satellite
within A V at low temperatures, may contribute to the relatively low P 2 V ratio
of the first resonance in forward bias (MR) compared to reverse bias (RMR). At
higher temperatures, the width of the MR is much broader and the resonance
appears to overwhelm the PAT satellite, with the foot of the MR also defining
VVi (unlike at low temperatures).
significantly,

2 .6 ( 2 .7)

However, the P 2 V ratios continue to differ

in forward bias compared to 22(11.5) in reverse bias at

4 K(77 K).
A possible further explanation for the low forward bias P 2 V ratio is
an occupation effect.

Here the effect refers to significant electron occupation

of available tunneling states in the well as a result of the large difference in
the emitter and collector barrier transmission coefficients while the resonance
condition is satisfied.

The significant occupation of available tunneling states

must also lead to the Fermi level in the central quantum well and emitter being
almost equal for biases close to Vp.
Such an effect has, in part, been described in the sequential tunneling
model of Sheard et al [69]. They pointed out that the width of the charge (or
current) resonance measured with respect to emit ter-to-well bias voltage could be
much larger than the “intrinsic” width of the emitter-to-well tunneling function.
The difference in widths would be directly attributed to the difference in the
emitter and collector barrier transmission coefficients. The peak of the resonance
occurs when nes ~ n™ (ie Fermi levels are equal) hence the current saturates
irrespective of the emit ter-to-well transmission function.
At biases for which the resonance condition is not satisfied, there is a
significant energy difference between the quasi bound energy levels in the emit
ter well, Co, and central quantum well, e±. At the corresponding biases defining
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the valley current region, e0 lies above (in energy) ex. Electrons which are able
to tunnel into the central quantum well from the emitter quickly scatter down
(scattering time is <10 psec [103-105]) to e1 before tunneling out. The occupa
tion effect would then play an insignificant role unless there was an extremely
large amount of electron accumulation in the central quantum well so that the
Fermi level in the well might approach that of the emitter. Such large electron
accumulation may occur as a result of, for example, gross emitter and collector
asymmetry.
The occupation effect would therefore be expected to cause a limiting
of the MR peak current by comparison with the valley current where no limit
ing is likely to occur since occupation of tunneling states would be small. The
observation of strong enhancement of Ip together with Vp in experiments involv
ing a strong (B || J) magnetic field [79] or hydrostatic pressure [106] have been
interpreted essentially in terms of the “occupation effect” as described above.
It should be noted that the experimental observation that the peak
currents of the MR and phonon assisted resonance are of comparable magnitude
implies that the transmission probability of the collector barrier at the peak of
the M R is of the same order of magnitude as that of the emitter barrier at the
peak of the phonon assisted resonance.
Also the experimental observation that the MR Ip along with Vp gen
uinely increase with temperature (resulting in the peak to valley ratio remaining
fairly constant up to 77K) implies that increasing the temperature provides some
mechanism for relaxing the occupation effect.

Resonant Linewidth
The resonant linewidth is usually defined as the full width at half the
resonant peak maximum (FWHM). In reverse bias, the FWHM of the first reso
nance is

39

m V at

4

K. The FWHM of the forward bias resonance is much more

difficult to define. Previously, using conventional measurement techniques, by
inspection the forward bias FWHM has simply been noted as being significantly
larger than in reverse bias [79].
Using the NOR measurement technique, the significant contribution of
the satellite under the overhang of the MR to the experimentally measured res
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onance linewidth is made apparent.

Based on the discussion of the previous

section, the occupation effect should cause the forward bias resonance to be some
what broader than the reverse bias resonance. However, if one chooses a linewidth
near the peak of the MR (above current points in the multistable region signif
icantly affected by the satellite) as shown in figure

5 .9

, the linewidths are the

same, 17 ± lm V , in forward and reverse bias. This similarity is merely a coinci
dence as the comparison neglects to take into account various extraneous factors
such as the bias dependence of both the collector barrier transmission coefficient
and the conversion factor, <a, relating total bias to emitter-to-well bias. Such bias
dependence would have to be accounted for in order to make any quantitative
comparison.

Voltage (V)

Figure 5.9: Example showing how the resonance linewidth is measured at various
fractions of the resonance peak current, Ip in forward bias. Inset: Example of
the measured resonance linewidth in reverse bias at the same fractions of Ip.

Another interesting feature of the resonance in forward bias, which can
only be observed using the NOR measurement technique, is the temperature
dependence of the resonance linewidth. Figure 5.10 shows this dependence at
85% and 65% of the resonance peak current, 7p, in forward (open and closed
circles) and reverse (open and closed triangles) bias, as defined in figure 5.9.

At 85% Jp, the rate of increase of the forward bias resonance linewidth with
temperature is much greater than the reverse bias (no charge build up) rate.

Temperature (K)

Figure 5.10: Temperature dependence of the resonance linewidth in forward (cir
cles) and reverse (triangles) bias, measured at 85% (open markers) and 65% (filled
markers) of the resonance peak current, 7p, as defined in figure 5.9.

The linewidth at 65% of Ip was chosen for comparison with the linewidth
at 85% of Ip as it represented a small range of bias voltages which were below
the maximum bias voltage of the PAT satellite at low temperatures and still
significantly above the valley voltage, Vv at higher temperatures.
At 65% Ip in forward bias, there is a sharp decrease in the resonance
linewidth as the temperature is increased to ~ 30 K . Beyond 30 K the linewidth
increases at approximately the same rate as the linewidth in forward bias mea
sured at 85% of Ip. The rate of increase of both linewidths is still larger than
that measured in reverse bias.
The results of linewidth changes and inspection of figure 5.4 suggest that
as the MR Ip grows (and Vp increases) with increasing temperature, the PAT satel
lite appears to merge with the main resonance. This behaviour might be associ
ated with a thermally induced broadening and/or enhancement of the PAT satel-
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lite. Such a result may be the result of processes which are activated/ accelerated
at elevated temperature.
The experimental observation of the MR Ip growth (and Vp increase)
with increasing temperature is very similar to that observed when a small trans
verse magnetic field (B _L J) is applied. The above similarities suggests a link be
tween the cause of the growth of the MR Ip in the two cases. Such a cause which
enhances the “off resonant” emitter-to-well tunneling probability for emitterto-well biases (V e~w) just beyond the exact MR value (that required for exact
alignment of the emitter and well quasi levels), could lead to an increase in the
maximum charge density in the central quantum well (n™moa.) and hence Ip and
Vp. This is discussed in more detail in the following section.
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5.4

Effect of a Transverse Magnetic Field in
the Main Resonance Overhang Region

5.4.1

Theory
The effect of a high transverse (B _L J) magnetic field on tunneling

through barriers between semiconductors has been discussed in detail by Brey et
al. [107] using the Transfer-Hamiltonian technique. The resulting current density
through a barrier was calculated as a function of magnetic field and bias voltage.
The energy levels and eigenfunctions associated with the emitter and central
quantum well were obtained separately and the resulting rate of electron flow from
the initial (emitter) state to the intermediate (well) state was then calculated.
The treatment is similar to the parallel magnetic field case except that
B — (B, 0 ,0 ) which is perpendicular to the electric field E = (0 ,0 ,-E). Choosing
the gauge for the vector potential A = (0 , —Bz, 0 ) the corresponding Hamiltonian
is

f r - eA)2 + eV(z) = J * - + py + 2ep*B z + f —
2m*
2m*
2m*

+ j L + eV{z}
2m*

(5.1}

If B is not large so that hujc is less than the subband spacing, the
influence of the magnetic field can be treated as a perturbation. Zawadski [108]
has studied the energy levels within a quantum well with infinitely high potential
barriers and Merkt [109] has performed a similar calculation for a triangular
potential well. Taking the origin of the co-ordinate system to be at the centre
of the well, the energy for an electron in the central quantum well of width w is
approximately [1 1 0 ]
h2(k2
x + k2)

e2B 2w2

6w ~ 61 +
2TO*
+ 24m*
( ' )
where penetration of the wavefunction into the barrier has been neglected and
the applied bias is zero.
The corresponding energy of an electron within the emitter is approxi
mately [n o]
x 2e2B 2

,

h2k2

h2(kv - k 0)2

,

\
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where b1 is the width of the emitter barrier, x 0 = 3/a is the standoff distance of
the 2DEG in the emitter and ko = ( xq -T b\ + w/2')/£\.
Resonant tunneling between occupied states in the emitter and unoccu
pied states in the central quantum well requires the conservation of total energy,
e, and components of canonical momentum, kx and ky. The application of a
transverse magnetic held shifts the centre of the emitter parabola to the right by
ko as illustrated in figure 5.11 and described approximately by equations 5.2 and
5.3. Neglecting the change in x 0 and the collector contact depletion with bias,
equations 5.2 and 5.3 also predict a quadratic shift in the resonance peak voltage,
Vp and a linear increase in the resonance width with magnetic held. Another sig
nificant consequence of the speading of the resonance with B_L J is that resonant
tunneling still occurs with

signihcantly below e0 as shown in hgure 5.11.

Figure 5.11: Schematic diagram illustrating the conservation conditions which
govern resonant tunneling of electrons in a transverse magnetic held. The oc
cupied states in the emitter are represented by the bold portion of the emitter
parabola between —kp{ko—kp) and kp^ko + kp') at B = 0 ( 7 ^ 0). Resonant tunnel
ing occurs when the bold portion intersects the central quantum well parabola,
(a) When B = 0 the parabolas have a common axis and only coincide over a very
small range of energy, as discussed in section 2.5. (b) For B > 0 , the origin of the
emitter barrier is displaced by ko and the two parabolae intersect over a much
larger range of energy resulting in a much broader resonance.
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5.4.2

Experimental results
Previous electrical studies of resonant tunneling through double barrier

structures in transverse magnetic fields have included cases where there is both
negligible and significant charge accumulation, n™, within the centred quantum
well over a resonance [79,110]. In all previous studies conventional measurement
techniques were used to examine the effects on the I(V) characteristics. In this
section all experimental results are from a study of the asymmetric resonant
tunneling structure NU183.
Figure

5 .1 2

is taken from reference [79]. Figure 5.12(a) shows the ef

fect of a transverse magnetic field on the first reverse bias tunneling resonance
which does not involve any significant charge accumulation. The experimental
and calculated shifts in the threshold, peak and cut-off voltage are shown in fig
ure

5 . 1 2 (b).

There is no shift in the LO phonon assisted tunneling peak (solid

triangles) with magnetic field since this transition does not require the conserva
tion of canonical momentum.

Figure 5.12: (a) Effect of an increasing transverse magnetic field on the first
reverse bias tunneling resonance of NU183. (b) Experimental (markers) and cal
culated (solid lines) position of the threshold, Vth) peak, Vp and cut-off, Vvi voltage
as function of increasing transverse magnetic field. The sample temperature was
4 K. Taken from Leadbeater [79]
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In forward bias the main experimental effects of a transverse magnetic
field, such as shift in peak voltage and quite substantial change in resonant volt
age overhang, A V , have been discussed by Leadbeater [79]. These observations
do not require the use of the NOR measurement technique, however, no clear
interpretation was given. I have concentrated on the effects which are uniquely
observable by the NOR measurement technique.

In particular the effect of a

transverse magnetic field on the PAT satellite and the overall shape of the I(V)
characteristic in the overhang region are evident.
Figure 5.13 shows the effect of an increasing transverse magnetic field
in the region of the multistability observed in the first forward bias tunneling
resonance of the double barrier structure NU183. The shift of the resonant peak
voltage position, Vp, to higher bias and increase in the voltage overhang, A V
are both consistent with results obtained using conventional measurement tech
niques on an essentially identical device [79]. Such consistency adds confidence
to the experimental data measured within the overhang region using the NOR
measurement technique.
As the magnetic field is increased the PAT satellite becomes less promi
nent as the main resonance broadens and A V increases. It is difficult to make any
quantitative conclusions, which would assist in the identification of the satellite,
due to the complex relationship between total applied bias and emitter-to-well
bias voltage in the multistable region. It should be noted that over the small
range of magnetic fields shown in figure 5.13, one would not normally expect
to see significant changes in the I(V) curve, as is the case in reverse bias. The
changes in the forward bias main resonance I(V) curve, (significant increase in
peak current and voltage overhang), are related to additional charge build up
in the central quantum well over the resonance and are discussed in more detail
below.

The shift in Vp due to the additional charge build up can be directly

observed by comparing the shift in Vp to the shift in Vvi the valley voltage. The
shift in Vvi where there is much less charge in the well compared to that at Vp, is
negligable in figure 5.13, as expected at these small magnetic fields.
It was not possible to obtain experimental data in the overhang region
of the main resonance for magnetic fields between 1.5 and 4.5 T, as the circuit
was not stable over the whole region. Above fields of 5 T, however, the circuit
was once again stable allowing for measurement to be made. Figure 5.14 shows
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Figure 5.13: Effect of an increasing transverse magnetic field on the first forward
bias tunneling resonance of NU183 (at T = 4 K) between

0

and

1

T.
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the first forward bias resonance at B = 0 and 5.5 T. There is no evidence of the
distinct PAT satellite observed in the overhang region of the main resonance at
B=

0

T. The peak of the main resonance, Vp, has shifted to a much higher total

bias voltage in the 5.5T I(V) curve, overwhelming the phonon assisted tunneling
peak which appears as a weak shoulder at ~ 0.95 V. At higher transverse fields
11

T), (which are unavailable at Wollongong University), the forward bias

resonance becomes so broad that the multistability is lost and the phonon satellite
is totally overwhelmed [7 9 ]

Figure 5.14: Effect of a high transverse magnetic field on the first forward bias
tunneling resonance of NU183. The sample temperature was 4 K.

E x p la n a tio n o f th e in crease in v olta g e overhang and resonance peak
cu rren t
Experimentally, the effect of increasing the sample temperature on the
overhang region in the I(V) characteristic is very similar to that with increas
ing transverse magnetic field. As discussed above, the transverse field causes a
spreading and a shift in the resonance peak position, Vpj to higher emitter-towell bias voltage. At the new resonance peak bias voltage, the levels ei, in the
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well, and eo, in the emitter, are misaligned with e1 lying at an energy Se below
€o- Also, at Vp the Fermi levels in the well and emitter are approximately equal
which defines the condition for the zero field maximum electron sheet density in
the well, rz^maa, [111]. The misalignment of e0 and

at B >

0

therefore, provides

a mechanism for 7i™maa. to exceed its zero field value while maintaining the condi
tion iiF(well) < fiF (em itter). As a consequence,

can exceed the electron

sheet density in the emitter, nes .
Assuming that the resonance peak occurs when the bottom of the emit
ter parabola intersects the well parabola, as shown in figure 5.15, the increase in
nXmax for B > 0 is illustrated in figure 5.15.

Figure 5.15: Schematic diagram illustrating how ri^max may increase in a trans
verse, B_LJ magnetic field. The occupied states in the emitter are represented by
the bold portion of the emitter parabola between —kF(k0 — kF) and kF(k0 + kF)
at B = 0

0). Resonant tunneling occurs when the bold portion intersects the

central quantum well parabola, (a) At B = 0 the resonance peak is reached when
the Fermi level in the central quantum well and emitter are coincident. In this
case the Fermi energies are also equal, (b) For B > 0 , the resonance peak is again
reached when the Fermi level in the central quantum well and emitter are as
sumed coincident. However, in this case the Fermi energy in the well can greatly
exceed that in the emitter.
Figure 5.15(a) shows the zero magnetic field peak resonance condition,
where the emitter and central quantum well parabola are energy coincident and
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the Fermi levels, fiF, and Fermi energies, ep, are equal. Figure 5.15(b) shows the
finite magnetic field peak resonance condition, where the emitter parabola inter
sects the well parabola and the Fermi levels are again assumed equal. However
the Fermi energy, and hence n™maxi in the well is significanly greater than that
in the emitter.
It should be noted that in the simple analysis outlined here, the dia
magnetic shift of the levels (the energy difference in the emitter and well levels
due to the B 2 terms in equations 5.2 and 5.3), has been neglected since it is rela
tively small. It is also assumed that the asymmetry existing between the emitter
and collector barrier at zero magnetic field remains large, so as to allow for an
increase in n^max.
An estimate of the increase in the MR voltage overhang, A V , can be
made from the magnetic field induced spreading of €1 which is given by [1 1 2 ]
be = - —-(/cq + 2\kFk0\)
2 m*

(5.4)

where kF is the emitter Fermi wavevector and
ko =

(5.5)

where Lew « 18 nm. L ew is the effective emitter to well separation, defined as the
distancebetween

the peakpositions of the electron wavefunctions in theemitter

and centralquantumwell(see section 2.7). If the magnetic

field issmall

then

equation 5.4 reduces to
m*

= 2tFh

(5.6)

kF

where eF is the emitter Fermi energy at B = 0 T.
At the peak of the MR nes « 2nk2
F ~ 2 x 1011 cm - 2 [76], and for B =
1

T, k0 « 0.25kF. At the MR peak eF « eF (which is estimated to be 7.5 m eV in

section

6 .4

), therefore from equation 5.6 <5e(B =

1

T)

discussion, this figure represents a predicted increase in

0.5e]£. From the above
of approximately 50%

which corresponds to a ~ 50% increase in n™ at the peak of the B = 1 T resonance.
The experimentally observed

40% increase in forward bias resonance peak

current, / p, is remarkably close to that expected using a simple model where it
is assumed that the current is proportional to the charge in the central quantum
well.
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Using a simple parallel plate capacitor model similar to those described
by Leadbeater et al. [Ill] and Sheard et al [99], one can estimate an upper limit to
the shift in Vp, due to the charge in the central quantum well. Assuming that the
shift in Vp to higher total bias voltage is proportional to the sheet charge density
in the central quantum well, n™, ie 8Vp/8rif = constant, one can immediately
recognise that the constant of proportionality is the inverse capacitance per unit
area of the device, l/Cs. It is therefore possible to obtain an estimate of the
increase in A V , associated with the shift in Vpi due to the energy spreading of
the resonance in a transverse magnetic field causes an increase in n™max.
Neglecting changes in

1 fC s

due to variations in the depletion of the

collector contact with applied bias in the resonance region, 1/C8 can be calculated
from the device parameters. Assuming that the collector contact is depleted out
to the 1018 cra- 3 n-doped layer and x 0 = 7 nm at the peak of the resonance,
Cg «

8 .1

x

10-4

Fm ~2. Therefore an increase in n™max of 50% at B = 1 T,

corresponds to an increase in Vp and hence A V of ~

200

mV. The experimental

value for the increase in A V for B = 1 T is 75 mV, which is well within the upper
limit of the estimate obtained from the simple model.
At

5 .5

T 8e~

2 .5 e^0.

The estimated increase in Ip of 29 \iA, still agrees

very well with the experimental increase in Ip of 34 fiA. The expected shift in Vp
at 5.5 T is rsj 500 mV. The experimental value for the shift in Vp for B =5.5 T is
300 mV, which is still well within the upper limit.

5.5

Conclusion
The first experimental observation of the continuous intrinsic I(V) curve

associated with a tunneling resonance involving a significant amount of charge
accumulation during the resonance has been discussed. The resonance I(V) curve
develops from a region of negative differential resistance, through tristability and
then multistability as the temperature is lowered to 4 A". At temperatures below
^

20

i f a satellite structure develops under the overhang of the main resonance,

which is well resolved from the peak of the main resonance and the LO phonon
assisted tunneling peak.
A small magnetic field, applied perpendicular to the current density
(parallel to the layer plane), was used to mimick the effects of increasing tern-
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perature on the overhang region of the main resonance in forward bias.

The

magnetic field provides a mechanism for increasing the sheet charge density in
the central quantum well beyond its zero field maximum value at the peak of
the resonance as well as the sheet charge density in the emitter. Estimates of
the expected increase in the sheet charge density in the central quantum well,
and also the corresponding increase in peak current and voltage were also made.
These estimates agreed qualitatively with the experimentally measured values.
The similarity between the experimental results for the magnetic field and the
temperature dependence implies that an analogous mechanism is involved in both
cases.
Although there is a link between the cause of the thermally and B

1

J

induced MR Ip growth (and Vp increase), the underlying mechanisms are probably
not the same. In the case of B _L J it is the spreading of the resonance, an
effect which is well understood; in the case of elevated temperature, the effect is
interpreted as broadening and/or enhancement of the (processes which lead to
the) PAT satellite.
In both cases the fact that Ip can show an increase (without any increase
in the peak tunneling probability) has been interpreted as a direct result of the
maximum MR peak current (charge) limiting consequence of the “occupation
effect” .
.

In light of the results outlined in this thesis being published [94,113],

Wacker [87] has since modified his theory and found that stability may be ob
tained if the inclusion of a negative capacitance in the measuring circuit, as ex
perimentally employed to make successful measurements, is included in the theo
retical analysis. The close correlation between Wacker’s model and the observed
experimental results adds weight to the interpretations of the model previously
made [102]. It also implies that biasing these structures in regions of multistabil
ity can only be achieved successfully using circuits such as the NOR measuring
circuit.

Chapter 6
Photoluminescence Study of
Electrical Multistability
This chapter describes the first reported photoluminescence investiga
tion within the overhang region of a tunneling resonance. The optical work fol
lows the first observation of electrical multistability in the I(V) characteristic of
an asymmetric double barrier resonant tunneling structure. Photoluminescence
(PL) techniques are used to study in detail how the sheet charge density in the
central quantum well varies when the structure is biased in the resonance over
hang region. The structure is biased using the negative output resistance (NOR)
voltage source. A comparison is made with the way in which charge accumulates
in the quantum well as the device comes onto resonance. The results are consis
tent with a theoretical model based on charge conservation and the electrostatic
feedback effect.

6.1

Introduction
Steady state PL [75,77,78,114-116], time resolved PL [117-119], PL ex

citation spectroscopy as well as electroluminescence spectroscopy [1 2 0 , 1 2 1 ] have
been used extensively to provide information on the electronic properties of bi
ased double barrier resonant tunneling structures (DBRTS’s). The PL arises from
electron-hole recombination associated with the occupied, quasi bound conduc
tion and valence subband states. Of particular interest to the work described in
this chapter is the ei — hhi transition within the central quantum well (see fig
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ure

6 .1 )

and the techniques used to measure significant charge buildup within

the central quantum well region of a DBRTS during a tunneling resonance.
Young et. al [75] and Vodjani et. al [78] discussed the quantum well PL of
symmetric DBRTS’s and the correlation between the integrated PL intensity
(integrated area under the PL peak of, for example, the Tiujqw spectrum) and the
tunneling current associated with the tunneling resonances. A review is given by
Young in reference [1 2 2 ].

Figure

6 .1 :

Schematic band diagram of a double barrier structure under bias and

above bandgap illumination. It also shows the particular transition under study
in this chapter. The observed quantum well PL arises from the recombination of
electrons and holes electrically injected or directly created in the quasi electron
and hole levels in the well.
Skolnick et. al [77] later showed that the PL linewidth of the e1 — hhi
transition correlated better with the tunneling current, as a function of total
bias voltage, than the integrated intensity, when studying electron tunneling res
onances that involve significant charge accumulation within the central quantum
well. The charge density in the well at the peak of the resonance was estimated by
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convolving the lineshape observed off resonance, with a Fermi function including
a decreasing oscillator strength towards the Fermi energy. The estimated values
of n™ agreed very well with those determined by Hayes et. al using magneto-PL
techniques [77,123] as well as the independent estimates using magnetotransport
techniques [76]. The lineshape analysis technique of the PL spectrum is adopted
in section 6.4 of this chapter to estimate n™.

6.2

Recombination Processes
C o n s id e r a n n - ty p e se m ic o n d u cto r w ith a s te a d y s ta te m a jo r ity c a r

rier d e n sity , n 0, in th e c o n d u c tio n b a n d . E x p o s in g th e se m ic o n d u cto r to a b o v e
b a n d g a p illu m in a tio n re su lts in th e cre a tio n o f e le ctro n -h o le p a irs an d to a p h o 
to c r e a te d e le c tro n (hole) d e n sity o f n(jp). If th e illu m in a tio n in te n sity is v e ry lo w
th e n o n e ca n n e g le ct th e effect o f n sin ce n «

tiq. T h e m in o rity ca rrie r o r hole

re c o m b in a tio n r a te is th e n g iven b y

dp
n
p p
— = B n 0p + Ap = ----- 1------at
tr
tnr
w h e re A d e scrib e s a ll n o n -ra d ia tiv e p rocesses (see sectio n

(6 .1 )
v '
1 .6 .3 )

a n d B is re la te d

to th e in te rb a n d tra n s itio n p ro b a b ility . B o th o f th e se co efficien ts are d iscu ssed
in m o re d e ta il in referen ce [4 2 ].

T h e to ta l m in o rity life tim e is d efin ed b y th e

e q u a tio n ,

1
1
1
— — ----- 1--------T

w h e re

tr

and

tn r

Tr

«

—

Brio

TN r

+ A

( 6 .2 )

V

'

are th e ra d ia tiv e a n d n o n -ra d ia tiv e life tim e s re sp e ctiv ely . T h e

in te rn a l q u a n tu m efficien cy, 77, is th e n g iv en b y

^

<R

=

Bn0

(6-3)

w h ic h re su lts in a c o rre sp o n d in g p h o to lu m in esce n ce in te n sity o f

Ip L = oighp

( 6 .4 )

w h e re a a c c o u n ts fo r v a rio u s g e o m e tric a l fa c to rs, in te rn a l re fle ctio n a n d a b so rp 
tio n a n d g h is th e h ole g e n e ra tio n ra te. T h e p h o to c re a te d h o le d e n sity is th e n
g iv e n b y

p = g hT = g hr)TR

(6.5)
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Equation 6.4 can then be written as
OLVTj

Ipl

= -------= ap(A + B n0)r] = apB n0

( 6 .6 )

T

Two limiting cases can be ascertained depending on the value of

C a se (a ) ’ ^To »

A .
Bn0 ’

1

This defines the nonradiative regime where the PL intensity is proportional to
both the hole generation rate and the electron density Uq. Equation

6 .6

can be

written as
I ? ? « aPB n 0 =

(6.7)

where p & gh/A.

C a s e (b ) '

This defines the

«

1

radiativeregime where the PL intensitybecomes independent of

electrondensity since thephotocreated hole density simply adjusts to
any change in n0. Equation

6 .6

compensate

reduces to

IpL & aB pn0 = agh

( 6 *8 )

where p ~ Brio '
All of the parameters used in the discussion above are completely general
with the only assumption that the illumination level is relatively low so as to
minimise any perturbation to the system. The parameters can apply equally to
those associated with the photoluminescence from the central quantum well of a
double barrier resonant tunneling structure(DBRTS).
DBRTSs such as those discussed in this thesis, have undoped and low
n-type doped spacer layers adjacent to the active region. This type of doping
profile gives rise to a relatively long photocreated hole lifetime adjacent to the
active region. Photocreated holes may also occupy the central quantum well state
even though the incident photon energy, hv, may be significantly less than that
required to directly excite carriers within the quantum well. Such occupation is
through resonant and nonresonant injection of photocreated holes via tunneling
when a bias voltage is applied between the contacts of the heterostructure.
Allowing for the possibility of direct excitation in the well, the param
eters gh, A, B , and n 0 are replaced with gh’w{V, v) = g^'w{V, v) + g j W(i'), A (V ),
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B (V ) and n™(V, v) — g™(V, v)+n™(is) respectively in the discussion above. Hence
the photocreated hole generation rate in the central quantum well, gh'w(V ,v), is
the sum of the injected rate, gi'w(V ,v) and the directly excited rate, g^w(y).
Both g^w(V ,v) and g^w{y) are functions of the incident photon frequency, i/,
but only g^w(V, v) is a strong function of total bias voltage, V. The electron den
sity in the well, n™ is also dependent on v since at very low biases n™(y) cannot
be neglected. A and B are now also bias dependent since the tunneling rate out
of the well and the transition strength both vary with bias.

6.3

Results and Discussion
Figure

6 .2

shows the I(V) curve for the asymmetric double barrier struc

ture NU183 in the region of the first forward bias resonance with and without
exposure to 0.085 W cm ~ 2 of 1.952 eV radiation (HeNe laser). The sample tem
perature was 5 K. The illumination conditions represent the standard low power
conditions for photoluminescence experiments in this thesis. Although the pho
ton energy is above the e1 — hhi transition energy in the central quantum well,
(the transition under study), the power density is so low that the amount of di
rect excitation in the well is considered negligible. It should also be noted that
negligible

— hh\ PL was detected at zero bias. The effects of illumination on

the experimental I(V) curve are discussed in more detail in chapter

8

.

Figure 6.3 shows a series of PL spectra measured over the first for
ward bias tunneling resonance of NU183.

Figure 6.3(a) shows spectra which

have previously been measured with the structure biased using conventional tech
niques [77,123] on an essentially identical device. The development of the spectra
with bias agree qualitatively with those reported thus providing confidence in the
spectra observed with the structure biased in the multistable region of the main
resonance. All of the spectra in figure 6.3(b) have been measured with the struc
ture biased within the multistable region and qualitatively illustrate the way in
which charge is expelled from the central quantum well as the device moves off
resonance. The important features of the spectra are:
(i) the smooth increase and subsequent decrease in the linewidth as the
device moves through the resonance condition,
(ii) the shift in the PL peak energy,
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Voltage (V)

Voltage (V)
Figure

6 .2

: Part of the forward bias I(V) characteristic for NU183 in the region

of the first resonance. The sample is at 5 K and (a) is with the sample in the
dark while (b) is with the sample illuminated with 0.085 W cm ~2 of 1.952 eV
radiation. The labels A-J are the operating points for the spectra displayed in
figure 6.3.
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(iii)

the enhanced region on the high energy side of the PL spectra when

the structure is biased near the peak of the resonance (shown in more detail in
figure

6 .6 ).

The linewidth has previously been shown to correlate well with the
current and the charge density in the central quantum well as a function of
bias [77], with the change in the linewidth resulting from conduction subband
filling effects in the central quantum well. The development of the spectra with
the structure biased in the multistable region indicate that charge is expelled in
a similar fashion to the way it accumulates i.e. smoothly and reversably. The
PL peak energy shift is predominantly due to variation in the charge in the
central quantum well and the resulting band gap renormalisation effects over this
resonance (discussed in more detail below). The enhanced region and subsequent
sharp cut-off of the enhancement on the high energy side of the PL spectra
identifies the Fermi energy and is related to the Fermi energy edge singularity
(FEES) effect [116,124].

6.3.1

PL Linewidth
As mentioned above, the linewidth of the ei—hhi transition as a function

of bias has been shown to correlate with the device current as a function of
bias for structures of this type [123]. Figure 6.4 shows the full width at half
maximum(FWHM) and the full width at third maximum(FWTM) as a function
of bias in the region of the first forward bias tunneling resonance. The FWHM
correlates fairly well with the tunneling current, however on closer inspection the
FWHM appears to initially increase when the structure is biased on the high
voltage side of the emitter-to-well resonance.

The FW TM however does not

show this increase and hence appears to be more sensitive to the current than
the FWHM.
The results indicate qualitatively that the linewidth continues to follow
the current, and hence the charge in the well, in the multistable region.

It

should also be noted that the PAT satellite, within the overhang of the main
resonance, is clearly observed in the FW TM versus total bias voltage plot. This
is consistent with the satellite’s identification as a plasmon assisted tunneling
satellite in the previous chapter, as charge accumulation in the well is essential
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P L Energy (meV)

Figure 6.3: PL spectra measured over the first forward bias tunneling resonance
of NU183. The spectra in (a) have been measured with the structure biased on
the low voltage side of the emitter-to-well resonance. The spectra in (b) have
been measured with the structure biased on the high voltage side of the emitterto-well resonance. The operating points indicated by the letters A to J in (a) and
(b) can be viewed in the I(V) curve shown in figure

6 .2

(b).

95
for the observation of PAT in the plot. The plasmon assisted tunneling process
allows a significant number of electrons to tunnel into the central quantum well,
on the high bias side of the emitter to well resonance, which would not occur if
there was insignificant charge accumulation in the central quantum well during
the resonance. It is therefore expected that the plasmon process should also be
observed in the PL results for the

0.5

—hhi transition in the central quantum well.

0.6

0.7

Voltage (V)

0.5

0.6

0.7

Voltage (V)
Figure 6.4: PL linewidth as a function of bias voltage, (a) Full width at half
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maximum (b) Full width at third maximum.

In both graphs the I(V) curve

(solid line) is also plotted for reference.

6.3.2

PL Peak Energy
Neglecting charge accumulation in the central quantum well with ap

plied total bias voltage, the peak energy of the

— hhi transition spectrum is

expected to red shift (move to lower energy) parabolically, as descibed by the
quantum confined Stark effect(QCSE) [125,126]. Over small bias ranges, such as
the range over which the tunneling resonance under study occurs, the QCSE is
approximately linear. The QCSE is also expected to be quite small in the relevant
electric field range, for quantum wells whose width is less than ~

10

nm (NU183

has a well width of 5.8 nm). If charge accumulates in the central quantum well,
the average electric field in the well is decreased, resulting in a smaller red shift
of the peak energy than otherwise expected.
Figure 6.5 shows the shift in the

— hhi PL peak energy (plotted in

terms of decreasing energy) in the region of the first forward bias tunneling res
onance. The measured shift, outside the resonance overhang region, agrees with
the detailed measurements in the same region of an, essentially, identical struc
ture [123] and gives confidence to the present measurements within the resonance
overhang.
The fine structure observed in the PL peak energy plot is a direct con
sequence of charge accumulation in the central quantum well. On the low voltage
side of the emitter-to-well resonance the PL peak energy red shifts to a minimum
at the peak resonant tunneling current. As the current decreases on the high
voltage side of the emitter-to-well resonance, the PL peak energy blue shifts by
~

2 .5

m eV. Skolnick et. al [77] stated that the measured PL blue shift, observed

for a similar, bistable tunneling resonance (biased using conventional techniques)
in an essentially identical device, was most likely the result of a reduction in the
magnitude of band gap renormalisation(BGR) associated with a reduction in n™.
Band gap renormalisation is discussed in more detail below. It should be noted
that at a constant total bias voltage, a reduction of the sheet charge density in
the central quantum well increases the average electric field in the well. This
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change in the electric field is expected to contribute a red shift of the e1 — hhi
peak energy, contrary to what is observed in figure

6 .5 .

As stated above, the PL peak energy in figure 6.5 is plotted in terms
of decreasing energy. This makes the correlation with the current a little easier
to see. The PL peak energy follows the current very closely and the plasmon
satellite is easily identifiable in the plot. Such close correlation indicates that
the PL peak energy is also a good qualitative indication of significant charge
accumulation within the central quantum well of the structure at these biases.
(This observation is especially relevant in chapter

8

where it is used to identify

significant hole accumulation in the central quantum well, when the structure is
exposed to a high level of above bandgap illumination and is biased to maximise
the hole accumulation.)

Voltage (V)

Figure

6 .5 :

PL peak energy (data points) versus total bias voltage throughout

the first forward bias tunneling resonance of NU183. The I(V) curve (solid line)
is also plotted for reference. Note the decreasing energy scale

6.4

Quantum W ell Sheet Charge Density
Measurement of the quantum well sheet charge density, 7z™, in the region

of the first forward bias tunneling resonance of an essentially identical device, has
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been made using detailed magnetocapacitance techniques [76] over the portion
of the curve which can be measured conventionally.

This section extends the

measurement of n™ at the peak of the resonance, obtained from luminescence and
magnetoluminescence work [77], to the resonance overhang region, (the portion
of the characteristic which can only be measured using the NOR measurement
circuit).

The technique used to analyse and estimate n™ involves a lineshape

fitting procedure to the ei —hhi PL spectrum, similar to that used by Skolnick et.
al [77] and Fisher et. al [116], and is outlined below.
The PL lineshape as a function of photon energy 7(e), is simulated by
a fitting procedure which integrates a Gaussian function, / 5, and a simplified
transition strength function, /^, over all occupied hole and electron energies and
is given by [127]

« . ) = / / Ig(e, eh , ee) / T(ee, eh) f e{ee)deef h {eh)deh

(6.9)

where
Ig(e, eh, ee) =
/e ( « e ) =

( e ^ f

(6.1 0)
+

l)

,

f h(eh) =
and

( 6 .1 1 )

( 6 .1 2 )
#

M ^e, e/0 =

(6.13)

Equation 6.10 simulates the intrinsic PL lineshape of the e^ — hh^ transition which
is broadened due to inhomogeneities within the structure. The effective bandgap,
e*, is the ei — hhi subband energy difference, so ee(h) is the electron (hole) kinetic
energy measured from the bottom of the respective band. The parameter a is
obtained from the lineshape fit of the PL spectra with minimum linewidth (see
the fit at V = 1.07 V in figure
assumed to represent

6 .6

). The spectra with theminimumlinewidth is

the case where there is a relativelylittlecharge buildup in

the central quantum well and few excitonic effects.
Equations 6.11 and 6.12 describe the electron and hole distribution
curves of

and hhi respectively.

The equations also represent the assumed

nature of the two dimensional electron and hole gas associated with

and hhi
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respectively.

Te and X\ are the electron and hole temperatures and kB is the

Boltzmann constant.
Equation 6.13 is a phenomenological factor simulating the decrease in
transition probability towards the Fermi energy (fall-off factor) as discussed in
section 1.6.2. The parameter /? is adjusted so as to produce the best fit to the
experimental spectra for which there is significant charge accumulation in the
central quantum well, i.e. at the peak of the resonance. The minimum linewidth
experimental spectrum is then refitted without changing a or /?, (only the Fermi
energy), to ensure the chosen a and f3 parameters are suitable and to maintain
the good fit to all the spectra.
Figure

6 .6

shows the lineshape fit to various PL spectra throughout the

tunneling resonance. Measurement of the sheet charge density, n™ in the central
quantum well is made from the Fermi energy in the lineshape fit. The parameter
a was taken as 0.5 m eF "

1

from the fit to the PL spectrum at 1.07 V which had

the minimum linewidth (2.7 m eV ) of all spectra measured. The electron and
hole temperatures for the fits were 5 and

8

K respectively. The parameter f3 and

Fermi energy were adjusted to give a fit to the spectrum at the peak voltage of
the resonance while still giving a good fit to the spectrum at 1.07 V for a much
reduced Fermi energy but same /? value. The /3 value chosen was 0.6 m eV -1 .
Once an estimate of the parameters a and (3 was made, only the Fermi energy
and the effective band gap were altered to obtain a fit to the PL spectrum at
each bias point over the resonance. The corresponding n™ estimates are shown
in figure 6.4.
The region “A ” in figure

6 .6

is most likely associated with localised

excitons or carriers and is purposely not taken into account in the lineshape
model. It is worth noting that the relative strength of region A is almost the
same in all the spectra shown even though the overall intensity of the PL changes
by a factor of four between the 0.426 V and 1.07 V spectrum. The lack of relative
change indicates that the contribution of the localised particles has not saturated,
at least up to 1.07 V.
The region “B” in figure

6 .6

shows the enhanced region near the Fermi

energy. Estimates of the FWHM and FW TM in section 6.3.1 indicated that the
FW TM was more sensitive to the current and hence the charge in the well. It
was for this reason that region B was modelled closely when obtaining the best
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Photon Energy (meV)

Figure

6 .6

: Lineshape simulations (dashed curves) of the experimental e1 — hhi

PL spectra (dots) at three different biases near the first forward bias tunneling
resonance.

101
lineshape fit to each spectrum.
The region “C” in figure

6 .6

is most likely associated with some warm

electron-hole recombination due to an increase in the electron temperature at this
bias. Changes in the electron temperature were ignored in the lineshape fitting.
Such changes are expected to be negligible over the total applied bias voltage
region of interest, since the resonance condition is always partially satisfied in the
region, i.e. the energy separation between the quasi bound level in the emitter
and central quantum well is only of the order of the inhomogeneous width of the
level. The assumption seems validated by the good fit to the data near the high
energy foot of the spectra at the threshold and peak voltage of the resonance.
Figure 6.7 indicates the sensitivity of the linefitting procedure to the
Fermi energy with the above given values of a and /?, (which are fixed). It was
considered necessary to adjust the parameters to get a good fit to all of the
spectra on the low voltage side of the emitter-to-well resonance to compare with
the accurate measurements of n™ previously obtained using magnetocapacitance
techniques [76], and to obtain an accurate measurement of the trend in n™ on the
high voltage side of the emitter-to-well resonance. It should be noted that one
must recognise the relatively large uncertainty in the individual measured values
of n™ ( ± 0 . 2 x

1 0 11 cm-2 ),

however in this study I am also very interested in the

trend of the data within the overhang region of the main resonance.
Figure

6 .8

shows the estimates of rif over the first forward bias tunnel

ing resonance. It also shows the estimates made by Leadbeater et. al [76] for
direct comparison. The two independent sets of data agree quantitatively and
give confidence to my deduced n™ values, and certainly in the trend, within the
multistable region which have not previously been measured. The deduced rif
value at the peak of the resonance also agrees quantitativly with the independent
measurements of Skolnick e t al [77] on an essentially identical device.
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Photon Energy (meV)

Figure 6.7: Lineshape simulations (dashed curves) of the experimental ex — hhx
PL spectra (dots) at the peak of the tunneling resonance.
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Figure

6 .8

: Deduced nsw values (open circles) and corresponding current values

(line) over the first forward bias tunneling resonance of the double barrier resonant
tunneling structure, NU183. Also shown are the estimated nsw values (diamonds)
from magnetocapacitance measurements (taken from Leadbeater et. al [76])

6.5

Charge-Current Relationship
The estimates of the sheet charge density in the central quantum well,

rz,™, throughout the main resonance overhang region in the previous section also
allow a more detailed examination of how the relationship between n™ and the
device tunneling current, I, varies by comparing the low and high voltage side
of the emitter to well resonance. Previous theoretical models of sequential reso
nant tunneling have assumed that the tunneling current, throughout a tunneling
resonance, is proportional to the charge in the central quantum well [69]. This
section shows both experimentally and theoretically that such an assumption is
only strictly valid on the high voltage side of the emitter to well resonance.
Figure 6.9 shows the experimentally determined n™(I) relationship (data
points). The solid line is calculated from theory which takes into account the n™
dependence of the tunneling lifetime of electrons sequentially tunneling through
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the double barrier structure, and is discussed in more detail below. The features
of interest in the n(7) data are:
(i) the hysteresis (or bistability)
(ii) the apparent lack of any structure associated with the plasmon as
sisted tunneling satellite, observed in the overhang of the main resonance I(V)
curve and
(hi) the measured nonlinearity of the upper branch.
These features are, perhaps, to be expected and can be explained qual
itatively as follows. In the absence of any change in the collector barrier trans
mission coefficient, the tunneling current could be assumed to be proportional to
n™. In the region of the plasmon satellite, in the I(V) curve (PAT in figure

6 . 2 ),

there is little change in the total applied bias voltage and the well level is close
to that of the emitter (the resonance condition is still partially satisfied). The
almost linear behaviour of the lower branch of the n™(I) curve, indicates that al
though the bias distribution within the structure must be changing, due to charge
being expelled from the central quantum well, the collector barrier transmission
coefficient remains constant.
The upper branch corresponds to much lower applied bias conditions,
in general, where the collector barrier is higher. The increased charge density
represented by this branch corresponds to a reduced probability for tunneling
out of the well. The range of the upper branch data also correspond to a much
greater range of total applied bias than the lower branch, ~ 400 m V compared
to ~ 20 m V respectively, with the measured nonlinearity qualitatively indicating
the change in the collector barrier transmission coefficient over the upper branch.
The observations correspond to the expected increase in transmission probability
with increasing bias.
The plasmon satellite, observed within the overhang of the main res
onance I(V) curve, is not expected to be reproduced in the

tis

(7) curve as the

plasmon excitation provides a mechanism to increase both n™ and the tunneling
current. If, for example, the satellite was a result of a change in the transmission
through the collector barrier, one would expect to observe a feature in the rc™(7)
curve.
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Current (/zA)

Figure 6.9: Experimental (data points) and theoretical (solid line) relationship be
tween n™ and the tunneling current over the first forward bias tunneling resonance
of NU183

The theoretical model was developed by Dr C. Zhang and Mr D. J. Fisher [128].
In the model the tunneling process is assumed to be sequential. The current is
determined by
dn/dt + V •J =

0,

(6.14)

where n is the 3D charge density in the resonant well. The effective two-dimensional
density is given by n™ = ndw, where dw is the width of the well and for small
devices, V •J « J/dw. Equation 6.14 then reduces to,
dnw
J d t = - Tnw
Jh

(6.15)

for electrons with a constant escape rate, and n™ oc exp(—Tt/h). Here T is the
nett escape rate due to elastic coupling with both left and right barriers.
In equation 6.15, the current is assumed to be linearly dependent on the
density. Such a linear relation has been widely used in studying the static level
shift and the resulting current bistability. However, it is clear from figure 6.9 that
the deviation from linearity is significant, indicating that the n^-dependence of
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r can not be neglected. It should also be noted that throughout the resonance
Ti is negligible and T ~ I\.. When the density in the well decays with a density
(or current) dependent rate, equation 6.15 must be written as,
dnw
jd t = - < r « ) /f t ,

(6.16)

and the rate equation has to be solved selfconsistently. Here r(n ^ ) depends on
n™ through the resonant level shift due to the electrostatic feedback effect. In the
Hartree-Fock(HF) approximation, this shift is given as Ae^n™) = an™ where a is
a parameter which depends on the sample and model static dielectric function [6 ].
Using the W KB approximation, T is given by
-l
r(n™ ,V ) = + - exp ( ~ t f [2m ( V ( x ) - t r{n™))]ll2dx\ f
v s’ '
2m F V ft Jr.b>
y w
y s ,n
J Lea

,-----

dx
- V{x))_
(6.17)

where r.b. stands for the right barrier and V( x) is the one-dimensional potential
including the band discontinuity and applied bias.
If the HF shift is much smaller than erin™) and V (x) — eT(n™), we only
retain the linear density correction in the escape rate,
r « , v ) « r(o ) l + C

an:
2er(0 )

(6.18)

and
C = 1 + ( 2 er( 0 )rf/ft)v/ 2 m /(V o - er(0 )),

(6.19)

where V0 and d are the average height and width of the collector barrier. The
charge density in the well is now
n

l + C

-l

cm
2 er( 0

)_

= constant x e

(6 .2 0 )

From equation 6.16, the tunneling current density may then be written as
j = < r « ,y )/fc

(6 .2 1 )

The current-bias voltage relation in resonant tunneling including the electrostatic
feedback effect is modelled as
V = Vo + an” ± r [Jo/J - 1] 1/2

( 6 .2 2 )
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where J 0 is the maximum current density, V0 is the energy difference between
the emitter and the well at zero bias, and cm™ again represents the level shift
due to the electrostatic feedback effect.

Equations 6.18,6.21 and

6 .2 2

can be

evaluated iteratively. The result is the solid line in figure 6 .9 . All the parameters
used in the calculation are taken directly from the experimental data with the
strength of the electrostatic feedback effect adjusted by the parameter a. It can
be seen that there exists a very good overall agreement between the experiment
and the simple model calculation within the HF and W KB approximations. The
selfconsistent increase of the quasilevel greatly enhances the escape rate resulting
in an increased tunneling current.

Band Gap Renormalisation
Band gap renormalisation (BGR) is a direct consequence of the energy
loss of parallel-spin like particles avoiding each other (exchange repulsion) and
charge polarisation of the medium [129].

It has been studied both theoreti

cally [130,131] and experimentally [132-136] to determine the relationship be
tween B G R and electron and/or hole plasma density and quantum well thickness.
In all previous experimental studies the electron and/or hole plasma density in a
single/multiple quantum well structure, is determined via the incident laser inten
sity or via significant (>

1 0 18

cm~3) doping of the quantum well(s). In a resonant

tunneling structure electrons and/or holes are injected from the doped contact
regions and the electron and/or hole plasma density is controlled via the applied
external bias. It is therefore possible, in principle, to isolate the contribution of
the electron plasma density to BGR and do it over a very small bias range, on
the high voltage side of the emitter-to-well resonance. This minimises any contri
bution from the quantum confined stark effect (QCSE) due to significant changes
in bias.
As stated above, the ei — hhi PL peak energy blue shifts in figure 6.5
on the high bias side of the emitter-to-well resonance (main resonance overhang
region). At a constant bias, as is approximately the case in the main resonance
overhang region, there are three main mechanisms which contribute to the shifting
of the e1 — hh\ PL peak energy with rz™. These mechanisms are band filling
effects(BFE), the QCSE and BGR.
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Depending on the amount of disorder within the system, which allows
for non

k conserving transitions in the quantum well, band filling effects lead to

a blue shift in the peak energy as the structure moves onto resonance. A red
shift would be expected as the structure moves off resonance and the charge in
the well decreases. A significant blue shift is actually observed and so BFE are
assumed to be relatively insignificant.
The observed blue shift as the device moves off resonance clearly indi
cates that the QCSE also only plays a relatively minor role. One would expect
a red shift of the PL peak energy as the device moves off resonance since the
average electric field in the well increases as charge is expelled from the well.
Band gap renormalisation is the only mechanism which results in a red
shift in the PL peak energy on the low voltage side of the emitter-to-well reso
nance and a blue shift on the high voltage side of the emitter-to-well resonance.
Figure

6 .1 0

shows the shift in the ei — hhi PL peak energy measured with the

DBRTS biased on the low (open circles) and high (closed circles) bias side of
the emitter-to-well resonance. There is only a small change in bias on the high
voltage side (~ —25 m V) compared to the low voltage side (~ 250 m V) of the
emitter-to-well resonance yet over this range of bias there is a similar change in
It may be expected to observe a small Stark shift when comparing the PL
peak energy at a given n™ on the low and high voltage side of the emitter-to-well
resonance. However, this does not appear to be observed in the figure, with a
maximum difference of ~ 0.5 m eV at n™ « 0.85 x

1 0 11

cm-2 . The data indicates

the insignificant role of the QCSE for this structure over this bias range and are in
general, consistent with other published experimental data [137] in terms of the
observed trend. The consistency gives further confidence in the deduced values
of n
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Figure

6 .1 0 :

Shift of the e\ — hhi PL peak energy with deduced sheet carrier

density in the central quantum well over the first forward bias tunneling reso
nance.

Open and closed circles indicate the low and high voltage side of the

emitter-to-well resonance respectively.

6.6

Conclusion
In this chapter photoluminescence techniques have been used to study

significant accumulation and expulsion of charge within the central quantum well
of an asymmetric DBRTS, throughout a tunneling resonance which exhibits mul
tistability. A lineshape fitting procedure has been used to deduce the sheet charge
density in the well, n™, in this study. Close correlation to independent data ob
tained outside the main resonance overhang region adds confidence to these de
duced n f data. The n™ data were shown to vary linearly with tunneling current
on the high bias side of the emitter-to-well resonance and nonlinearly on the low
bias side of the emitter to well resonance. The experimental result is consistent
with a model calculation based on charge conservation and the electrostatic feed
back effect, with the nonlinearity being attributed to the n™ dependence of the
tunneling escape rate out of the central quantum well i.e. a non constant barrier
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profile. Variation of the PL linewidth and peak energy have been shown to be
good indications of significant changes in rif for tunneling resonances of this type.

Ill

Chapter 7
Plasmon Assisted Tunneling in a
Resonant Tunneling Structure
This chapter discusses the identification of the satellite structure ex
perimentally observed in the previous chapter as a new tunneling mechanism,
plasmon assisted tunneling (PAT). The effect of a quantising magnetic field on
the experimental I(V) characteristic is also studied. Of particular interest is the
effect on the PAT satellite within the first forward bias tunneling resonance over
hang region.

Both parallel and tilted fields (to J) are used in this study.

It

is shown that the PAT satellite displays clear evidence of Landau level related
structure at B || J fields as low as ~

1

T. Such an observation gives further

indication that the tunneling process causing the PAT satellite is intrinsic and
not impurity related or due to inhomogeneous broadening.
Using the NOR measuring circuit new tunneling structure is observed
within the resonance overhang, previously unobservable due to the limitations of
conventional measuring techniques. At sufficiently high B ||J fields, multistabil
ity associated with the phonon assisted tunneling resonance can also be probed
using the NOR measurement technique. The results are qualitatively analysed
to identify Landau level related tunneling processes, by subtracting, analytically,
the electrostatic feedback effect from the experimental I(V) curve.
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7.1

Plasmon Assisted Tunneling
The origin of the satellite structure (PAT in figure 7.1) under the main

resonance overhang in Figure 7.1(b) can be narrowed down quite quickly.

As

there is no structure in the equivalent reverse bias resonance curve it is likely
that the satellite is associated with an interaction between electrons tunneling
into the central quantum well and the charge stored in the well. If the satellite
was due to an interaction between electrons tunneling out of the emitter and
the charge in the emitter or some impurity assisted tunneling process, one would
also expect to see similar structure on the high bias side of the first reverse bias
tunneling characteristic (see inset to figure

5 .6 ).

Any estimation of the equivalent emitter-to-well energy difference be
tween the main resonance and the PAT satellite is complicated by the electrostatic
feedback effect which tips the forward bias resonant I(V) curve to the the right.
One can say that it must be less than the LO-phonon energy; ~ 36.5 m eV for
GaAs and ~ 48.5 m eV for AloAGa0^As.
It is well known that electron-LO phonon interactions play a significant
role in the scattering processes of carriers in resonant tunneling structures and can
give rise to phonon assisted tunneling peaks in the observed I(V) characteristics
[138-141]. Figure 7.1(a) displays a peak at « 0.9 V which has previously been
identified as a phonon assisted tunneling process [18].
In the electron-LO phonon coupling case, one can usually neglect the
parallel (to the plane) momentum exchange if the local Fermi energy is much
less than the LO-phonon energy and assume that the phonon energy is solely
supplied by difference in emitter and central quantum well energy levels, e0 —
ei, due to its large value and the weak dispersion at zero q. Recent work by
Zou and Chao [142], which includes the parallel momentum, does improve the
correlation between theoretical and experimental peak-to-valley ratios for LOphonon assisted tunneling. In the case of electron-quantum well plasmon(QWP)
coupling, one must retain explicitly the /c-dependence of the total tunneling rate.
The theoretical model proposed to identify the satellite as a plasmon
assisted tunneling resonance is based on coupling between the tunneling elec
trons and a collective excitation of the charge stored in the central quantum
well near resonance, or a quantum well plasmon. This model was developed by
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Figure 7.1: (a) Part of the I(V) curve of the asymmetric resonant tunneling struc
ture NU183 in the region of the first forward bias tunneling resonance. Shown
are the main resonance (MR), the PAT satellite (PAT), and LO-phonon assisted
tunneling peak (LO). The sample temperature was 5 K.
(b) Near the peak of the forward bias resonance on an expanded voltage scale.
The main resonance and PAT satellite are clearly resolved.
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Zhang [143] and is based on treating the electron quantum well plasmon coupling
in a very similar way to problems of electron-phonon coupling [142,144-146].
Being an electron-electron interaction, the electron-plasmon coupling is expected
to be much stronger than the electron-phonon coupling which is an electronlattice interaction. It therefore, would not be unreasonable to expect to observe
electron-plasmon coupling effects, if they did exist, in the I(V) characteristic since
electron-LO-phonon coupling effects are pronounced. Some indication of the rel
ative strengths of the two coupling effects are shown in figure

7 .1

(a) where the

PAT satellite appears to be least as strong as the LO-phonon assisted tunneling
peak.
As discussed in section

2,

the total energy of electrons in the emitter

and central quantum well can be separated in two components
6 = e|| + cj_ =

ex y

+

ez

(A l)

where exy — h2k^.y/2 m*e with \axy equal to the momentum along the plane and ez
is the energy associated with motion perpendicular to the plane.
Assuming that the electron charge stored in the well can be excited
collectively, the plasmon energy in units of e^ (the Fermi energy in the well) is
given by [147]
hu}q =

y rop

(7-2)

where kp is the magnitude of the Fermi wavevector in the central quantum well,
q is the magnitude of the parallel momentum change in going from a state in the
emitter to a state in the central quantum well,
q2 = fc2 - k2
w<||= fc2 „ - (ke,|| - q ) 2 « 2k •q

(7.3)

and rs is the plasma parameter which is used to specify the strength of the
electron-electron coupling [147],
<Ve >
e2 ra*
rs = ------------~ —9—
s
< Ue >
h2k f

. .
(7*4)
K J

where <Ve> and <Ue> are the average potential and kinetic energy respectively,
of the electrons in the emitter. It should be noted here that < U e > makes up
the main component of the total energy for electrons in the emitter of these
semiconductor systems. Therefore <Ue> > <Ve> and rs < 1, which represents
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the weak coupling limit.

If rs > 1, ie the strong coupling limit, a different

approach would be needed.
Equation 7.2 (in eV ) is then
27re2n™q

hujq = h

\

(7-5)

m:

where n™ = —jg—, is the sheet charge density in the quantum well.
In order to excite a plasmon when the energy levels in the emitter and
well are aligned, all q has to be supplied by the momentum transfer along the
plane, (equation 7.3). However, the energy transfer corresponding to this mo
mentum transfer is only a fraction of the plasmon energy (see figure 7.2)
Ae||=

- eke_q « h2k^-q/ra* =

h2keq
L cos (9
771 e

Since kjj < k|^, equation 7.6 is smaller than e = h2qk^/ml wbere e is
the boundary of single particle excitation near the resonance where kp « kp, (see
region A in figure 7.2) and kp(kp) is the Fermi wavevector in the emitter (well).
The intersection between huoq and £ defines gc, the cutoff wavevector difference
and this occurs when q/kp = rs. For all other g, q < rs since Aey < hcjq.
Therefore a significant change in the perpendicular energy, [ez in equation 7.1),
is required to excite the plasmon, especially for k = 0 states in the emitter. The
tunneling current should then exhibit the effect of electron-QWP coupling.

Figure 7.2: Dispersion curve for the excitation of a quantum well plasmon. A ez
represents the additional energy required to excite a quantum well plasmon.
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The model Hamiltonian consists of three terms, H = He + Hp + iTj,
where He is the Hamiltonian for the electrons including the elastic coupling to
the tunneling barriers, Hp is a boson like field Hamiltonian representing the QWP
and H j describes the electron-plasmon coupling strength, gq. Details of the model
are discussed in Zhang et. al [143]
The S-matrix scattering theory was applied to calculate the total proba
bility Tt(ez, k) for an electron, with energy (e&, ez) in the emitter, to be transmit
ted to the collector. Initially the collector is taken to be the central quantum well
state which is assumed to have an equilibrium sheet carrier density of 2 x 1011cm~2
which is approximately the same as that determined for NU183 at the peak of the
first forward bias resonance (see chapter 6 and references [76,77]). The tunneling
rate, Tt(ez, ky) is determined for each q then summed over all q where q < qc.
The calculation is initially done without including the electron-electron interac
tion between the tunneling-in electrons and 2DEG in the well with the results for

Tt(ez,k||) for several different values of |k||| at T = 0 K presented in figure 7.3

Figure 7.3: Plot of the calculated tunneling rate as a function of incident energy
for several different in-plane momenta expressed in terms of keF . Note the energy
shift of the main peak due to the QWP.
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The bias in figure 7.3 is related to the perpendicular energy difference
between the electrons tunneling in and quantum well energy level, bias = ez + ew
which in turn is proportional to the total applied bias and ew is chosen to be
20meV. It can be clearly seen that there exists a PAT satellite at a bias slightly
higher (several meV) than the main resonant peak. Since the plasmon energy is
q-dependent, the distance between the main peak and the satellite only represents
the integral effect of all u>q from

0

to qc. However, this distance must reduce as k

increases. At k = 0, after emitting a plasmon, the electron must gain momentum
q and energy eq. This energy gain in the x-y plane and the plasmon energy must
be compensated by an energy loss in the ^-direction in going from the emitter
to the well, e0 — e1 = eq + hujq. Therefore the distance between the peak and
the satellite is the largest for k =

0.

As & increases, the required energy change

in ez gets smaller and the satellite approaches the main peak.

The satellite

also becomes lower and broader due to an increase in phase breaking scattering
processes.
The corresponding current through a double barrier structure is,

I{V) = lk I deT^ f^ ~ U * +

(7-7)

where f e(c)(e) is the Fermi-Dirac distribution function for the emitter (collector).
The result for a 2 D emitter model is presented in figure 7.4(a). The broadened
shoulder in the high bias side of the main peak is due to plasmon assisted tun
neling, though it is less distinct after averaging over the distribution function.
Since we used an average charge density of

2

x

1 0 n cm-2 ,

the distance between

the main peak and the shoulder is only a few meV. Therefore this shoulder can
easily disappear if the elastic coupling T gets larger or other scattering effects
become stronger.
To make direct comparison with the experiment, several effects need to
be included:
(i) The charge is dynamically stored in the well, i.e, n™ itself is a func
tion of the tunneling current, (via n™ = J/eT). The u q also has a weak y/rif
dependence. Moreover, the coupling strength, \gq\2 has a much stronger density
dependence ( ~

Therefore the intensity of the PAT current should

decrease with the charge density in the well.
(ii) The electron-electron interaction in the centeral well (Eee) shifts
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Figure 7.4: (a) Plot of tunneling current as a function of applied bias, the current
is expressed in units of enes (2e0/m*e) 1/2, where nes is the charge density in the
emitter and e0 is energy level of the emitter, (b) Same as (a) but also including
the electrostatic feedback effect.
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the resonant level, ew —* e'w = ew + Eee. This, of course, contributes to the
electrostatic feedback effect which is the cause of the current multistability in the
resonance I(V) characteristic.
To obtain a qualitative picture, the electrostatic feedback effect has been
include in the calculation selfconsistently. The Eee is modelled by a Hartree-Fock
term [74] E ee = cm, where a is a form factor depending on the sample parameters.
The result is plotted in figure 7.4(b). As expected, the inclusion of E ee is to tilt
the resonant I(V) curve with the plasmon satellite appearing under the overhang
of the main resonance. Furthermore, due to the current dependent electron-QWP
coupling strength, the plasmon assisted tunneling current is reduced.

7.2

Effect of a Parallel Magnetic Field

7.2.1

Theory
The application of a quantising magnetic field can have a significant

effect on the density of states within the active region of a resonant tunneling
structure (RTS) and has been used extensively in the study of charge transport
in RTSs [18,141,148-152]. For a detailed description of the effects of applying a
magnetic field to semiconductor heterostructures see references [153,62].
As discussed in chapter 2, in the absence of a magnetic field the quanti
sation which occurs in the emitter under bias, and central quantum well can be
represented by the one dimensional Schrodinger equation
/ n2
\
,
+ eV (z) e
\2m*
J

.

.

.

.

xe yV'ipn(z) = enetk*xetkyV^n(z)

(7.8)

where p = —ifiV is the momentum operator, en is the energy of the nth bound
state (n =

0

, 1 , 2 , 3 ,...) and V (z) is the confining potential function in the z

direction.
There is no quantisation of the electrons motion in the x or y directions
so the total energy, neglecting conduction band nonparabolicities, is simply given
by
h 2 { k x2 + k l )

e ~ £n+

2m*

( 7 , 9 )

If a magnetic field is applied parallel to the current density, B ||J (— Jz),
then the total momentum of an electron is the sum of the kinetic momentum,
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ra*v and the field momentum, qA = - e A , where A = (0,Bz,0) is the vector
potential and is related to the magnetic field via the equation B = curl A . The
corresponding Hamiltonian is then
(p ~ eA ) 2

2m*

pi
+ e V {z ) = ^

m*u2
+ ^

x - eBky ? + i ^ + e V &

(7-10)

where the magnetic length £B = (h f(e B ))1/2, and u c = eB/m*. The Hamilto
nian is separable into two parts. The first two terms are recognisable as those
associated with a simple harmonic oscillator and the last two are those of the
unperturbed system (equation 7.8).

As there is no explicit ^/-dependence one

simply adopts a plane wave solution of the form eihyy in this direction. Solutions
are therefore sought of the form

^

(7.11)

where <j)n' (z) is the solution to the simple harmonic oscillator. The corresponding
eigenenergies are

en,n' — 6n + (™ + ~ ^ )^ c
where n =

0

(7.12)

, 1 , 2 ,... Therefore the energy state at zero field splits into several

Landau level energy states separated by htoc which are totally quantised, each
having a degeneracy (including spin) of
eB
g — — Area
'k Tl

(7.13)

The density of states as a function of energy should then appear as a
series of Dirac spikes separated by Tiujc. In reality the Landau levels have a finite
width due to inhomogeneities and scattering within the structures (see figure 7.5).
In one treatment of the scattering, the actual shape of the density of states has
been shown to be elliptic where the Landau level broadening, associated with
short range scattering, has been treated in a self consistent way [154].
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Figure 7.5: Density of states in a 2DEG in (a) zero magnetic field as well as a
finite magnetic field applied parallel to the current density when (b) excluding
and (c) including inhomogeneities and scattering within the structures.

7.2.2

Experimental Results and Discussion

M ain Resonance

Figure 7.6 shows the I(V) characteristic of NU183 with increasing paral
lel magnetic field (B||J). Under study is the first forward bias tunneling resonance
and all I(V) curves were measured using the NOR measurement circuit. The shift
of the resonant peak and valley voltage with magnetic field agrees qualitatively
with the results obtained using conventional measurement techniques [79,111],
adding confidence to the results within the main resonance overhang region. For
some magnetic fields (see 2.4 T and 5.0 T curves), satellite structure extends to
voltages beyond the main resonance peak. At such fields, parts of the satellite
structure can be measured using conventional techniques, giving further confi
dence in the results. The main experimental observations are outlined below.
1. Above 2 T the plasmon satellite, (PAT), within the main resonance over
hang, resolves into a series of sub-satellites. The resolved structure at such
low magnetic fields is a significant result which confirms the intrinsic nature
of the broad PAT satellite being related to a continuum of electronic states
and not simply a broad impurity related tunneling feature.
2. The relative strength of the satellites within the main resonance overhang
region appear to be significantly enhanced in forward bias compared to re-
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Figure 7.6: I(V) curve in the region of the first forward bias tunneling resonance
of the asymmetric DBRTS NU183 at indicated magnetic fields applied parallel
to the tunneling current.
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verse bias (see figure 7.7). The enhancement is similar to that observed
when comparing the LO phonon assisted peak current with the main res
onance and is consistent with the discussion of occupation effects on the
main resonance peak in section

5 .3 .1 .

3. The enhancement of the satellites within the main resonance overhang re
gion, which corresponds to the high voltage side of the emitter-to-well res
onance, also allows for the satellites to be clearly observed in forward bias
at a much lower magnetic field than in reverse bias.

At

6

T both the

LO-phonon assisted tunneling peaks and the satellites within the overhang
can be clearly resolved in forward bias, however in reverse bias only the
LO-phonon peaks are well resolved.
4. The overhang region of the main resonance, instead of becoming sharper
at higher fields, (as might be expected when the electronic states are fully
quantised by the field), actually appear to remain remarkably broad, es
pecially in certain field ranges, so that Landau level related features can
barely be resolved. On the other hand, the LO phonon inelastic tunneling
peaks (see figure 7.9), exhibit quite well resolved Landau level satellites in a
similar field range. The reason for this behaviour is obscure, although may
be related to many body effects, for example, magneto-plasmon excitation
as discussed briefly below.
5

. Above

4

T some of the satellites in the overhang region have discernable

current peaks, as well as total bias voltage peaks (as indicated by LL in fig
ure 7.6). It is likely that the LL satellites showing an increase in current are
associated with tunneling from the lowest Landau level in the emitter into
higher Landau levels in the central quantum well via elastic or quasielastic
scattering processes due to ionised impurities, interface roughness (elas
tic) or acoustic phonon emission (quasielastic). The identification of inter
Landau level transitions of resonantly tunneling electrons is the subject of
section

7 .3

where tilted magnetic fields are applied to enhance such tran

sitions. The tilted magnetic field method of identification has previously
been used by Leadbeater et al. [155] to study similar transitions in the case
of resonances involving negligible charge build up in the central quantum
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Figure 7.7: I(V) curve in the region of the first reverse bias tunneling resonance of
the asymmetric DBRTS NU183 at indicated magnetic fields applied parallel to the
current. The peak labelled E 1 has previously been attributed to a nonresonant
tunneling transition, involving elastic (or quasielastic) scattering, from the nth
Landau level in the emitter to the (n + l)t/l Landau level in the central quantum
well. Taken from Leadbeater et al. [155]

M agnetoplasm on excitation

When the system is subject to a magnetic field parallel to the current,
the intra Landau level plasmon, equivalent to the zero field plasmon excitation
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process, will be suppressed once the Landau levels are fully resolved. Such sup
pression is due to the energy quantization in the x —y plane blocking the momen
tum relaxation. On the other hand, tunneling electrons can always emit an inter
Landau level magnetoplasmon which has energy of at least huc. It would be ex
pected that such magnetoplasmon emission should lead to a series of satellites in
the resonant tunneling current. At low temperature, the corresponding absorp
tion process is negligible, therefore magnetoplasmon assisted tunneling satellites
would only be expected on the high voltage side of the emitter-to-well resonance.
Figure 7.8 shows the result of a model for magnetoplasmon assisted tunneling
as calculated by Dr C. Zhang [156]. In the model, rs = 2 and B =1.5 T and the
electrostatic feedback effect has not been included. The artificially large rs was
chosen to emphasise the contribution of the magnetoplasmon assisted tunneling
satellites, consequenty, the first two peaks are shifted to negative energy.

co-ej (meV)

Figure 7.8: Calculated contribution of magnetoplasmon emission to the tunneling
current, excluding the electrostatic feedback effect [156]. B=1.5 T.

Phonon Assisted Resonance
There has been a significant amount of theoretical [142,144,157-159]
and experimental [17,18,155,160,161] work in the area of phonon assisted mech
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anisms within resonant tunneling structures, both in zero and finite magnetic
fields. The contribution of the work outlined here to such studies is the success
ful measurement of the continuous, multistable I(V) curve in the region of the
LO-phonon assisted tunneling resonance at high magnetic fields, (see figure 7 .9 ).
The multistability is due to significant charge buildup in the central quantum
well when the double barrier structure is biased in the region of the LO phonon
peak, together with fully quantised Landau levels. At sufficiently high magnetic
fields previous studies of similar resonant tunneling structures have shown that
the LO-phonon satellite resolves into a series of discontinuous, bistable satel
lites [79]. Using the NOR measurement technique I have been able to reveal that
these satellites are also, like the main resonance, smooth, continuous, multistable
satellites. The actual value of n™ at the peak of the phonon satellite is estimated1
to be

1 0 11 cm-2 ,

and is consistent with independent measurements of a study of

magnetoscillations resulting from the charge in the emitter [1 1 1 ], from which an
indirect estimate of the charge in the well can be made.
Figure 7.9 shows the development of the multistability within the LOphonon assisted tunneling resonance. As well as the multistability, it should also
be noted that some of the LO-phonon satellites appear to move to lower bias
with increasing magnetic field.

Landau Level related tunneling processes
In order to try and identify Landau level related tunneling features
within the main resonance overhang it was considered necessary to model the
electrostatic feedback effect so that it could be subtracted from the total bias
voltage of the experimental I(V) curve. The total bias voltage was corrected by
an amount which was proportional to the measured tunneling current at a given
total bias voltage. The corrected total bias voltage is then, on a simple model,
directly proportional to the emitter-to-well voltage. More details are given below.
Initially, experimental results within the region of the LO-phonon as
sisted tunneling peak were analysed. Landau level related features have previ
ously been unambiguously identified in the experimental I(V) curves of resonant
tunneling structures which do not involve significant charge buildup in the cen1The technique outlined in chapter 6 was used to obtain this estimate.
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Figure 7.9: Experimental I(V) curves in the region of the phonon assisted tun
neling resonance in forward bias, with B||J.
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tral quantum well during tunneling resonances [17,18]. The LO phonon analysis
would also serve as a good guide for the analysis of the main resonance overhang
region.
Figure 7.10 shows the uncorrected total bias voltage of observed satel
lites, as a function of magnetic field, in the region of the LO-phonon satellite.
The open circles indicate satellite peaks (ie. local maxima in the I(V) curve)
and closed circles indicate weaker structure identified within the d2I/dV2 curve.
The figure emphasizes the need to model and subtract the electrostatic feedback
effect from the peak positions of tunneling features. The electrostatic feedback
effect essentially tips the resonance peak to higher applied voltages relative to
the base. Such tipping results in structure on the high voltage side of LO-phonon
assisted, emitter-to-well resonance to be measured at lower total bias voltages
than the LO-phonon assisted tunneling peak, causing confusion when trying to
identify tunneling processes.
Figure 7.11 plots the same features in the I(V) curve that were plotted in
figure 7.10 except total bias voltage positions of the features have been corrected
for the electrostatic feedback effect, as explained in the following paragraph. A
calculated Landau level fan chart (solid lines) overlays the experimental data
which is also explained below. As observed in the I(V) curves above, some of
the satellites appear to be moving to lower bias with increasing magnetic field.
These are labeled n —* (n — 1 ) + LO and represent inelastic tunneling from
the (n + l ) th Landau level in the emitter to the nth Landau level in the central
quantum well via the emission of an LO-phonon. Such transitions, as the one
shown schematically in figure 7.12, can only occur if the (n + l ) th Landau level in
the emitter is occupied, hence it would be expected that such transitions would
be quenched at magnetic fields beyond the quantum limit (only the n — 1 Landau
level is occupied). The charge in the emitter is known quite accurately in forward
bias from magnetocapacitance measurements [1 1 1 ] and the quantum limit at the
foot(peak) of the main(phonon) resonance is expected to be reached at 8.5(10) T.
The quenching of these transitions have recently been observed experimentally
by Neves [162] using the NOR measurement technique.
The electrostatic feedback effect was modelled by assuming that the
added voltage due to the feedback effect, Vefe, is proportional to charge in the
central quantum well, n™, which is in turn assumed to be proportional to the
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Figure 7.10: Uncorrected peak positions from figure 7.9 in the region of the
phonon satellite. Open(closed) circles indicate peaks in the current(—d2I/dV2)voltage characteristic.
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M agnetic Field (T)

Figure 7.11: Corrected peak positions from figure 7.9 in the region of the phonon
satellite. Open(closed) circles indicate peaks in the current (—d2 / / d l / 2)-volt age
characteristic.
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observed tunneling current. Although it was shown in section

6 .5

that the tun

neling current was not, in general, proportional to n™, this assumption is reason
ably valid over small bias and current ranges, ie Vef e = I R C• The proportionality
constant, R C1 was estimated to be 1.2 x
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JT2. It was numerically determined

from the slope of the experimental I(V) curve on the low voltage side of the
LO-phonon assisted emitter-to-well tunneling peaks at high (

6

T) magnetic

fields (see figure 7.9). It is also assumed in the simple model of the electrostatic
feedback effect, that the emitter-to-well resonance is a sharply peaked resonant
curve, either Gaussian or Lorentzian in shape.

Figure 7.12: Schematic diagram of an inelastic tunneling process in a parallel
magnetic field.
The Landau level fan chart, (lines in figure 7.11), has been calculated
using an effective electron mass2, ra*, of ~ 0.067me together with an energy to
voltage conversion factor, a e_y. The energy to voltage conversion factor, which
converts the electron cyclotron energy to total bias voltage, was estimated to be
6

, and is equivalent to the factor which converts emitter-to-well voltage to total

bias voltage.

The cte- v factor, which does not take into account the electro

static feedback effect, was numerically obtained by the average of the two values
2In reality the electron effective mass will be slightly larger, due to conduction band
nonparabolicities.
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obtained from the first and second reverse bias main resonance to LO-phonon
satellite voltage, divided by the known LO-phonon energy3. The theoretical zero
field LO-phonon satellite voltages were adjusted to give a best fit to the data.
Using the same value of a e_y an energy difference between the two LOphonon satellites which arise from optical phonon emission with no change in
Landau level number, was estimated to be

10

m eV which is in good agreement

with that of the known AlAs and GaAs like LO phonon energy difference of
12

m eV [3]. This gives confidence to the model used to subtract Vef e in the

region of the LO-phonon resonance.
Figure 7.13 shows the corrected voltage of observed satellites as a func
tion of magnetic field, in the main resonance overhang region. Again, open circles
indicate satellite peaks (ie. local maxima in the I(V) curve) and closed circles
indicate weaker structure identified within the d2I/dV 2 curve. A calculated Lan
dau level fan chart (solid lines in figure 7.13) overlays the experimental data using
the same m* and a e_v factor used for the LO-phonon fits. The zero field main
resonant peak voltage of the Landau level fan chart, was adjusted to give a best
fit to those satellites occuring within the overhang which have similar peak cur
rents to the LO phonon assisted tunneling peaks. The model would be expected
to work best for such satellites.
As an indication of the confidence in the model used to subtract Vef e in
the region of the main resonance, the corresponding energy separation between
the main resonance and the two LO-phonons were calculated from the zero field
positions of the theoretical plots. They were calculated to be 31 m eV and 41 m eV
(again with cre_y =

6

). The energy separations are in reasonable agreement with

the energy of the GaAs-like (36.5 m eV) and the AlAs-like (48.5 m eV) LO-phonon
modes of AlQAGaQ^As [3].
The fits appear to agree with the interpretation of the experimental
I(V) curves in figure 7.6 in that the satellites within the overhang region of
the main resonance at high magnetic fields, where an accompanying increase
in current was observed, are most likely associated with elastic or quasielastic
tunneling between emitter and well Landau levels of different index as shown
schematically in figure 7.14.
3The estimate of

ae~v

Further evidence is outlined in the next section

implicitly assumes the factor is the same in forward and reverse bias.
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Figure 7.13: Corrected total bias voltage positions of satellites within the over
hang region of the main resonance in a parallel magnetic field (see figure 7.6).
Open(closed) circles indicate peaks in the current( —d2 //d V r2)-voltage character
istic. The solid lines show a calculated Landau level fan chart as described in the
text.
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where tilted magnetic fields, (magnetic fields which have components in both the
B11 J and B_L J directions), have been used to assist the satellite identification.

L andau levels o f emitter
accum ulation layer
n=2

Landau levels o f
central quantum w ell
n=3

A
tLCG,

n=l

V

n=2

n=0

n=l

n=0

Figure 7.14: Schematic diagram of elastic tunneling between the quasi two dimen
sional states in the emitter and central quantum well in a quantising magnetic
field applied parallel to the current density.

The large variation, with increasing magnetic field, in the corrected peak
voltage of the main resonance (shown in figure 7.13) indicates that the simple
model of the electrostatic feedback effect is not very accurate since the corrected
peak voltage should be constant.
Figure 7.13 also indicates that there is a lot of additional structure
within the overhang region of the main resonance which is of unknown origin. A
much more detailed model of the electrostatic feedback effect would be required
in order to identify such structure with any confidence.
It should also be noted that there is generally more satellite structure,
both in the region of the main resonance overhang and phonon assisted reso
nance, which is also significantly enhanced, in the forward bias direction. Such
an observation may be made directly by comparing the

6

T curves in forward

(figure 7.9) and reverse bias (figure 7.7). It seems reasonable to assume that both
observations regarding the satellite structure are at least linked to, if not directly
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a result of, the charge accumulation in the central quantum well in forward bias.
The charge in the well appears to slightly relax the strict selection rules related to
the tunneling process from the emitter to the well via electron correlation effects
such as magnetoplasmon excitations.

7.3

Effect of Crossed Magnetic Fields

7.3.1

Theory
There have been many studies on hetero junctions and heterostructures

in tilted magnetic fields. For example, Stern et. al. [81] studied the effect of a
tilted magnetic field on a two dimensional electron gas and Leadbeater et. al [155]
used conventional measurement techniques and tilted magnetic fields to study
resonant tunneling in the negligable (central quantum well) charge buildup case.
In the tilted magnetic field configuration the field is applied at an angle
6 to the electric field. As the resonant tunneling structure under study in this
section has a narrow quantum well, the effects of the tilted field may be described
approximately by considering the components of the tilted field separately.
Leadbeater et. al [155] showed that in certain resonant tunneling struc
tures, for which there was insignificant charge accumulation in the central quan
tum well during a tunneling resonance, the application of a tilted magnetic field
gave rise to a splitting of the resonant peak, in the experimental I(V) curve, into
a series of equally spaced sub-peaks. The sub-peaks were shown to correspond to
transitions from the emitter accumulation layer (comprising a 2 DEG), into the
central quantum well with a change in Landau level index (inter-Landau level
transitions). These transitions are allowed in a tilted magnetic field, but not in
a parallel magnetic field (in the absence of scattering processes), due to a change
in the selection rules caused by the magnetic vector potential.
As described in section 7.2, the stucture studied in this chapter dis
played evidence of inter-Landau level transitions, possibly made allowable and/or
enhanced by the charge buildup in the central quantum well, in the forward bias
experimental I(V) curve. If such transitions were inter-Landau level related, one
would expect them to be enhanced further with the application of the tilted
magnet field, as was the case for the non-charge buildup structures studied by
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Leadbeater et. al [155].
The efects of the tilted magnetic field may be examined theoretically by
B\\) = (BsinO, 0 , BcosQ), where 6 is the angle between the

writing B =

current density direction (z) and the magnetic field and A = (Q,B\\x - £ j_ z , 0 ),
the Hamiltonian is now

_ p L + _ E L + _ p L , eV(z) - 2ePy(B\\x - B^z) , e2(B\\x - Bj_z) 2
2m*
2m*
2m*
2m*
2m*

'

where V(z) is the conduction band profile.
The corresponding Schrodinger equation can be written as [155]

A. + ^ < {x _4 kyf +2e^ 2+e2B^2_ 2(’n-B-f± + JL +eV(z)) * = e9'
2m*

2

11

2m*

2m*

2m*

'

(7.15)
where & = exkyy^' (x, z) since there is no explicit dependence on y in the Hamil
tonian.

Consequently all eigenvalues with different ky are degenerate with a

degeneracy of 2 e B / h , including spin [163].
Equation 7.15 is comprised of terms from equation 5.1 and equation 7.10
plus a cross term of the two components of magnetic field, the last term. If this
term is small then the problem can be separated into a transverse component,
which again is assumed to be a perturbation, and a parallel component, which
results in the formation of Landau levels. The sample under study has a relatively
narrow central quantum well (<

10

nm), so the effect of the B|| J component of

the magnetic field on the conduction subband wavefunction in the emitter and
central quantum well is small and may be regarded as a perturbation [155].
The important effect of the tilted magnetic field is to allow elastic inter
Landau level tunneling from the emitter to the central quantum well, i.e. to
weaken the selection rule An =

7.3.2

0

where n is the Landau level index.

Experimental Results
Figure 7.15 shows the effect of a small transverse magnetic field (0.5 T)

on the I(V) curve with low parallel magnetic fields applied. In figure 7.15(a) the
Landau levels are not resolved and the application of the small transverse field
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results in a further extension of the main resonance peak. The plasmon assisted
tunneling satellite becomes overwhelmed by the main resonance, analogous to
that observed when B|| J =

0

T (see figure 5.13).

In figure 7.15(b), B|| J = 2.4 T, and the Landau level related satellite
structure appears to be only just resolved.

The small inplane field enhances

all of the satellite structure but not in such a way as to clearly identify inter
Landau level transitions. Further increases in B_LJ led to significant changes in
the experimental I(V) curve as discussed in section

5 .4

. Such I(V) curves are not

shown as circuit oscillations over small portions of the curve made interpretation
very difficult.
In figure 7.15(c) B|| J = 3.5 T, and a small feature is resolved out of
the main resonance overhang region when B_LJ = 0.5 T which is not observed
when B_LJ = 0.0 T. The small feature is labeled ne —» (n + 1)™, indicating an
inter-Landau level transition from the nth Landau level in the emitter to the
(n + l ) th Landau level in the central quantum well. The transitions are labelled
as tunneling from the nth Landau level as all of the charge in the emitter does
not, at this field, reside in the lowest, n =

0

, Landau level. At the peak of the

main resonance (labelled ne —►(n)w in figure 7.15(c)), the sheet charge density
in the emitter is ~

2 .2

x

1 0 11

cm~ 2 [1 1 1 ] so the quantum limit is not expected to

be reached until B|| J « 4.5 T. It should be noted that once the device is biased
on the high voltage side of the emitter-to-well resonance, i.e. in the resonance
overhang region, the charge in the emitter increases further, higher fields would
then be required before the quantum limit is reached.
Figure 7.16 shows the effect of a small transverse magnetic field on the
I(V) curve at higher parallel magnetic fields. The small inplane field has little
or no effect on the ne —►nw resonance, as expected for fully quantised and
resolved Landau levels. However, the inter Landau level resonances are enhanced
significantly with the ne —►(n +

1 )™ resonance

extending beyond both the peak

current and peak voltage of the ne —> nw for B|| J = 5.5 T. The enhancement of
the satellites with a small inplane field at high B||J magnetic field adds further
confidence to the interpretation of the B||J data in section 7.2.
As suggested by the B_LJ and high temperature I(V) curves, the results
indicate that it may be possible to increase the sheet charge density in the central
quantum well, n f, above its standard resonance value. However, in order to verify
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0.725

0.75

0.775

Voltage (V)

Figure 7.15: I(V) curves for the first forward bias tunneling resonance of NU183
with a small transverse field at various low parallel magnetic fields. The sample
temperature was 4 K.
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any such increase in

tz™,

a magnetoluminescence study would be required. This

was not possible with the facilities available at Wollongong University.

0.725

0.75

0.775

0.8

0.825

Voltage (V)

Figure 7.16: I(V) curves for the first forward bias tunneling resonance of NU183
with a small transverse and large parallel magnetic fields. The sample tempera
ture was 4 K.

7.4

Conclusion
In this chapter satellite structure, measured in the main resonance over

hang region of the first forward bias experimental I(V) characteristic and at zero
magnetic field, was identified as a new tunneling mechanism, plasmon assisted
tunneling. The plasmon is excited in the central quantum well of the resonant
tunneling structure via electrons tunneling from the emitter accumulation layer
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into the well. A theoretical model based on the many-body transfer Hamiltonian
formalism reveals remarkably similar structure in the theoretical I(V) curve when
electron-plasmon coupling is included, together with the electrostatic feedback ef
fect.
A magnetic field was applied parallel to the current density, and the
plasmon assisted tunneling satellite resolved into a series of sub-satellites. Reso
lution of the sub-satellites at relatively low magnetic fields (~

2 .4

T ) confirmed

the intrinsic nature of the broad satellite, at zero magnetic field, as being re
lated to a continuum of electronic states. A theoretical model indicated that the
sub-satellites in the experimental I(V) curve are possibly enhanced via magnetoplasmon assisted tunneling.
At high parallel magnetic fields elastic/quasi-elastic inter-Landau level
tunneling peaks were tentativly identified with the main resonance overhang re
gion. Also, the LO-phonon assisted tunneling peak was shown to resolve into a
series of smooth and continuous multistable resonances when measured using the
NOR technique.
Tilted magnetic fields were applied to the structure in order to add
confidence to the inter-Landau level satellite interpretations made when apply
ing a parallel magnetic field. The tilted magnetic field was shown to enhance
the tunneling resonances between Landau levels of different index in the experi
mental I(V) curve, through a slight relaxation of the strict in-plane momentum
conservation rules.
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Chapter 8
Minority Carrier Effects in
Resonant Tunneling
This chapter investigates the contribution of optically generated mi
nority carriers on the optical and electrical properties of the asymmetric double
barrier resonant tunneling structure NU183. The minority carriers, holes in this
case, are used as a perturbation of the system, rather than a probe as in chap
ter 6 . The hole density in the system is controlled via the intensity of the incident,
above bandgap, radiation.
The introduction is concerned with some relevant considerations of mi
nority carrier creation under high illumination conditions. The next section deals
with the effect of substantial minority carrier creation on the experimental I(V)
characteristic.

In particular, the effect on the region of current multistability

measured within the first forward bias resonance is studied. The following sec
tion looks at the resulting optical properties associated with the perturbed I(V)
curves. It also investigates significant hole accumulation, which is found to occur
within the valence band central quantum well when the device is operated in
reverse bias so as to optimize the hole accumulation.

8.1

Introduction
Under zero illumination conditions significant depletion of the collector

contact may occur before the onset of a tunneling resonance in certain reso
nant tunneling heterostructures and, in particular NU183 as evidenced by the
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extended tail on the low voltage side of the first forward bias resonance. Such
depletion occurs in heterostructures with relatively lightly doped layers adjacent
to the collector barrier (see table 3.1 for NU183) when a potential difference is
applied across the emitter and collector contact. An estimate of the length to
which the collector is depleted for a given potential difference can be calculated
using poisson’s equation. The significant depletion is schematically indicated in
figure

8 . 1 (a)

by the discontinuity, in both the conduction and valence bands, of

the collector contact.
Exposing such a double barrier resonant tunneling heterostructure to
illumination with a photon energy greater than the fundamental energy bandgap,
results in the creation of electron-hole pairs. If the pair is created in an undoped
or depleted region under bias, the electrons and holes are swept in opposite
directions. Some holes are expected to thermalise in the potential well adjacent
to the collector barrier and form a two dimensional hole gas (2D H G ), due to
the confinement in that region. Such a 2 D H G is schematically shown by hh0 in
figure

8 .1

(b).
The accumulated holes also act to partially screen the electric field in

the collector contact. The extent of the screening depends on the hole density
in the 2 D H G .

One effect of the screening is to shift tunneling resonances to

lower applied bias voltage in the measured I(V) curve. At low total bias voltages
accumulated holes are able to tunnel through the double barrier system and
recombine with electrons either in the central quantum well or contact regions.
Figure 8.1 shows that in forward bias holes tunnel through the thick
barrier into the central well before tunneling out through the thin barrier. Sub
stantial hole accumulation in the central well, either via resonant or nonresonant
tunneling processes, is therefore expected to be negligable. In reverse bias the
situation is different, as shown in figure

8 .2 .

The asymmetry of the structure

in this case may give rise to significant hole accumulation in the central valence
band quantum well through resonant or nonresonant tunneling processes.
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Figure 8.1: Schematic energy band diagram of the double barrier structure (a)
without and (b) with intense, above bandgap, illumination incident on the struc
ture. In (b) some of the phototcreated holes go the screening, in part, the electric
field in the collector. The length to which the collector contact is depleted is
therefore reduced.
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Figure 8 .2 : Schematic energy band diagram of the double barrier structure, in the
reverse bias configuration, under high, above bandgap, illumination conditions.

In the reverse bias case the accumulated hole density, under illuminated
conditions, can be estimated in the following way. The reverse bias electron sheet
charge density in the emitter n®(V), when there are no free holes, has been mea
sured by Leadbeater et al. [Ill], using analysis of magneto-oscillations. In this
bias direction, nes (V ) represents a good estimate of the total electron accumula
tion in the active region, ns(V ), as there is negligable electron accumulation in
the central quantum well. Equation

8 .1

estimates the depletion length at any

given bias voltage, knowing that total charge must be conserved at all applied
bias voltages and the doping density of the layers adjacent to the double barrier
region (table 3.1).

nes = nidi + 722^2 + n^ds
where r&i(2)(3 ) =

1

x

1 0 16 cra~3(l

x

1 0 17 cra- 3 ) ( 2

x

1 0 18 cm-3)

(8 -1 )
is the doping density

in the adjacent contact layers (see table 3.1) and di(2)(3) is the length to which
these doped regions are depleted at a given bias voltage.
As stated above, some of the photocreated holes act to screen, in part,
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the electric field in the collector. Therefore the depletion length will decrease by
an amount Ad for any given nSjh. In practise, the values for Ad will be estimated
from the voltage shift of the electron resonance.

The total accumulated hole

sheet density is therefore the sum of the thermalised 2 D H G density against the
collector barrier, which will be referred to as the “hole emitter” , and central
valence band quantum well hole density, ie ns^ = uesh + n

respectively. An

estimation of ns^ is then given by the equation,
n Sih = A d n i(2)(3)

(8.2)

where ni( 2)(3) is the doping density in the layer(s) within which Ad occurs. It
should be noted that at a given illumination power density and total bias volt
age,

is limited by resonant and nonresonant tunneling processes through the

valence double barrier system and hole-electron recombination in the collector
and central quantum well.

8.2

Forward bias resonance
This section examines the effect of increasing illumination intensity on

the I(V) characteristic of NU183 in forward bias. The e1 — hhx optical transition
in the central quantum well is studied to measure the extent of any variation in
n™ with illumination level, as the I(V) curve seems to imply.

8.2.1

Electrical Study
Figure

8 .3

shows the effect of above bandgap illumination on the I(V)

characteristic in the region of the first forward bias tunneling resonance. The
sample temperature is

5

K and the excitation source was a H eN e laser with a

photon energy of 1.96 eV. As the power density increases above ~

1

m W cm ~ 2

the resonance shifts to lower bias. The width of the main electron resonance
overhang region, AV", initially increases with illumination, reaching a maximum
at about ~ 0.4 W cm ~2. As the illumination intensity is increased further A V
decreases. Under high illumination conditions ( ^ 4 IF ctyl 2) the main resonance
overhang region of the electron resonance is reduced to a region of NDR. An
identical experimental I(V) curve was, in this case, measured using conventional
measurement techniques.
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Voltage (V)

Figure 8.3: Forward bias experimental I(V) characteristics of NU183 under in
creasing illumination intensities. The illumination photon energy is 1.96 eV and
the characteristics are offset for clarity.

The plasmon assisted tunneling satellite is observed in all I(V) curves,
although only in part for the 0.4 W cm ~ 2 curve where current switching occurs (see
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below). Under high ilumination conditions, where the main resonance does not
display any voltage overhang (multistability), the plasmon appears as a distinct
shoulder on the high total bias voltage side of the resonance. The observation of
the plasmon initially appears confusing since it has been associated with charge
buildup within the central quantum well (see chapter
the shape of the resonance measured under high (>

4

7 ),

and yet at first sight,

W cm ~2) illumination con

ditions, indicates that charge density in the well may not be significant. This is
evident in the bias voltage range between the resonance threshold and peak being
much reduced (430 m V with no illumination compared to 210 m V with 7 W cm ~ 2
illumination), together with the absence of any resonance voltage overhang, at
high illumination levels. Although it is possible that the lack of voltage overhang
may be a result of resonance broadening due to laser heating or increased scat
tering, one would expect that the plasmon would also be washed out under these
conditions as observed in the high temperature I(V) curves (section 5.3).
The results also initially appear to be analogous to those of Foster et al
[106] who applied hydrostatic pressure to an essentially identical heterostructure,
so as to reduce n™ at the peak of the electron resonance. However, unlike the work
reported by Foster et al [106], the decreasing resonance voltage overhang is not
accompanied by a substantial increase in the electron resonance peak current. It
will be shown below that n™ at the peak of the electron resonance is not reduced
under high illumination conditions. The observed changes in the I(V) curve with
illumination are shown to be caused by changes induced in the depletion width
of the collector contact.
With 0.4 W cm ~ 2 of illumination incident on the structure, A V is max
imum and the I(V) curve appears as a discontinuous curve. The discontinuity
is an artefact of the fundamental measurement condition, RL + R j <

0

, not be

ing satisfied within part of the main resonance overhang region. Increasing the
amount of negative resistance made measurements very difficult, due to instabil
ities associated with the measuring circuit.

8.2.2

Photoluminescence Study
The I(V) characteristics in figure 8.3 suggest, at first sight, that there

may be significant variation of n™ measured at the peak of the electron resonance
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as the incident illumination level increases. Photoluminescence from the e1 hhi optical transition in the central quantum well was previously studied (see
chapter 6 ) to measure n™ on the low and high voltage side of the emitter-to-well
resonance. The experimental results outlined below are separated into two parts:
(a) Illumination power density dependence of the

— hhi spectrum

with the heterostructure biased at the peak of the main resonance. This allows
a qualitative measure of the extent of any change in n f at the peak of the main
resonance, as the I(V) curve is perturbed by illumination.
(b) Development of the ei — hhi PL spectrum with bias voltage in the
region of the first electron resonance when the sample is exposed to high levels
of above bandgap illumination. A comparison with the development at very low
light levels (as in chapter

6)

qualitatively indicates that the extent of any direct

excitation of electrons, from valence subbands to conduction subbands, in the
central quantum well can be considered to be negligible.

(a) Dependence of PL spectrum on illumination intensity
Figure 8.4 shows the dependence of the ei —hhi PL spectrum on incident
laser power density. For each spectrum the sample was biased near the peak of
the first electron resonance in forward bias.

It is clear from the figure there

is no marked decrease in the FWHM of the PL spectra with increasing power
density, therefore it is unlikely that n™ decreases significantly at high illumination
intensities.
The

0 .3 5

W cm ~ 2 1(V) characteristic showed a significant increase in A V ,

however PL results at the peak of El indicate that there is no accompanying
increase in n™. Hence the initial increase in A V is not directly related to the
electrostatic feedback mechanism responsible for the main resonance overhang
at

0

W cm ~2. Such an increase is probably an artefact of significant depletion

in the collector contact as the resonance proceeds. This depletion is induced by
the saturation of the photocreated hole supply into the hole emitter at a given
illumination intensity.

As more bias is applied, such saturation could lead to

negligible further screening of the electric field in the collector contact.
It can be concluded that at high illumination intensities, large numbers
of holes exist in the active region of the structure, and hole-electron recombination
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in the central quantum well increases, it is evident that it is not of sufficient
magnitude to change n™ at the peak of El.

Photon Energy (meV)

Figure 8.4: Photoluminescence spectra of the t\ —hhi optical transition measured
with the heterostructure, NU183, biased at the peak of E l in forward bias as a
function of illumination intensity.
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(b) Development of PL spectrum under high illumination conditions
Figure 8.5 shows the development of the

—hhi PL spectrum as a func

tion of bias with the sample under 8.5 W cm ~ 2 of 1.96 eV illumination. Under
such high illumination conditions the E l resonance no longer displays any multi
stability (see Figure 8.3) and the stucture was therefore biased using conventional
measurement techniques.
Qualitatively the PL spectra develops exactly as it does at low illumi
nation levels (see figure 6.3). This indicates that the central quantum well sheet
charge density, measured at the peak of the resonance (as shown in figure

8 .4 ),

is associated with El. The sheet charge density would be independent of bias if
direct excitation into the central quantum well was significant.
Only at the peak of the electron tunneling resonance can a comparison
between the PL spectra at low and high illumination conditions be made. At
the peak of E l the only significant difference, besides the obvious increase in
relative PL intensity, is a slight increase in the half width and shift of PL peak
energy. Using the same line fitting procedure discussed in chapter 6 , I was able to
account for the differences between the spectrum measured under high and low
illumination conditions using the same parameters as for the spectrum measured
under low illumination conditions combined with a small shift in E0 of 0.15 m eV
and an increase in the electron and hole temperatures of

2

K.

The photoluminescence results measured under high illumination con
ditions appear to agree with the plasmon satellite interpretation. Even though
there is no multistability observed in the I(V) characteristic in the region of El,
there is still significant electron build up within the well over the E l resonance.
Such electron build up is a nessessary condition required to excite a plasmon
within the well (see chapter 7).
One possible explination for the lack of multistability is that the hole
density in the hole emitter

2 DHG

is able to increase with ns throughout the

E l resonance under high illumination conditions, therefore compensating for any
Vefe. However the exact mechanism by which this would be able to occur is
unclear. To confirm this explanation one could grow a double barrier resonant
tunneling heterostructure with a post well to monitor the hole density in the hole
emitter.

PL Intensity (arb. units)
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Photon Energy (meV)

Figure 8.5: Development of the

—hhx PL spectrum with bias, measured under

high illumination conditions. The illumination power density was

8 .5

W cm ~2.

152

8.3

Reverse bias resonance
In reverse bias, the effect of above bandgap illumination on the I(V)

curve is significantly different from that in forward bias . In this bias direction
(top contact negative) electrons tunnel through the thick emitter barrier into the
central well and out through the thin collector barrier as shown in figure 8 .2 . This
leads to much less electron current at the peak of the electron resonance compared
to forward bias and negligible electron accumulation in the central quantum well.
On the other hand, the photoexcited holes which have accumulated in the hole
emitter, /i/i0 in figure

8 .2 ,

tunnel through a thin “hole emitter” barrier into the

well and out through the thick “hole collector” barrier. This greatly enhances
the possibility of significant hole accumulation within the valence band quantum
well.
At sufficiently high illumination levels, resonant tunneling features de
velop in the reverse bias experimental I(V) curve, similar to those observed in
the I(V) characteristics of p —n type, double barrier resonant tunneling struc
tures [164]. The photoluminescence spectrum of the e1 —

optical transition

in the central quantum well is studied, at low and high illumination levels, as a
function of bias and temperature. The data confirm:
(a) the significant build up of holes in the central quantum well with
bias, at high illumination levels and
(b) that the tunneling features measured in the reverse bias I(V) curve
at high illumination levels, are consistent with resonant tunneling of holes.

8.3.1

Electrical Study
Figure

8 .6

(a) shows part of the reverse bias I(V) curve in the region of

the first electron resonance, E l, under a range of illumination intensities between
0 and 5.6 W cm ~2. E l shifts to a lower absolute bias due to the increased electric
field across the device at a given total bias voltage. The shift is caused by the
accumulated holes adjacent to the collector barrier screening the electric field in
the collector [82]. A small tunneling feature which is most likely due to the onset
of hole tunneling is labeled HHI. There is also a “background” photocurrent
which increases almost linearly with power density. At 5.6 W cm ~ 2 a new feature
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has developed, separate from El and is labeled LHl.

-0.5

-0.4

-0.3
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Figure

8 .6

: I(V) chracteristic of NU183 in the region of the first resonance in

reverse bias under increasing, above bandgap, illumination intensity.

Figure 8 .6 (b) shows the I(V) curve under 5.6, 8.5, 11.3 and 18.4 W cm ~ 2
of illumination intensity. The El resonance continues to move to lower absolute
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biases but at a slower rate (see figure 8.7). The peak to valley ratio of the LHl
feature increases together with the peak current and the peak position moves
slightly to higher absolute bias. Another feature develops, labeled HH2 , as the
illumination intensity is raised to 18.4 W cm ~2.
It should be noted that the I(V) curve measured under 18.4 W cm ~ 2 of
illumination indicates there is substantial hole buildup in the central quantum
well throughout the LHl resonance. Although there is no multistability associ
ated with the LHl resonance, the extended region on the low bias side of the
resonance compared to the high bias side, is strong indication of significant hole
buildup. Similar lineshape characteristics, where charge buildup is well estab
lished, have been measured for the forward bias electron resonance [76] and the
light hole resonances measured in asymmetric p-type heterostructures [8 8 ].

Figure 8.7: Peak voltage position of the first resonance in reverse bias for NU183
under increasing illumination power density.

In order to obtain an estimate of the accumulated hole density under
illuminated conditions, the length to which the collector contact is depleted un
der zero illumination conditions must be determined. Such an estimate can be
made in the following way. The electron sheet density in the emitter, n® e, at El
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has been accurately measured using magneto-oscillations [1 1 1 ] for an essentially
identical structure. As there is negligible electron density in the well, nes e is es
sentially equal to the total electron sheet density in the active region, nes. The
electric field is therefore well defined, since £e = £c =

£0£7»

and can be consid-

ered to be constant across the active region of the device. At the peak of E l,
£res ^

x

3 .1

106

Vm 1. The doping profile in the collector contact is known

approximately from the growth parameters in table

3 .1 .

The collector depletion

length was estimated to be 57 nm at the peak of El under zero illumination
conditions.
Under all illumination conditions £e remains a fixed function of n®, there
fore the change in collector depletion length, Ad, can be estimated in the follow
ing way.

Assuming that at a bias voltage V (E 1)', the E l bias voltage under

illumination, the increase in emitter charge under illumination exactly equals the
accumulated free hole charge then
=

AV

=

v m

-

Cres

VjEiy

Cres

V

/

where V (E 1 ) is the voltage of the El resonance peak under zero illumination
conditions.
The accumulated hole density is then given by
nsh ~ n^e + n^,w — n(i)(2)(3) Ad

(8.4)

where rz(i)(2)(3) is the doping density of the collector contact in which Ad occurs.
Under high illumination conditions nJ ~

1

x

10n

cra

2

at the peak of El.

Also, ns can be directly determined from
h - £°£rC es- n es0
e

(8-5)

ns

where nes 0 is the electron sheet density in the emitter under zero illumination
conditions at V (E 1 )'. Using this method rij is estimated to be

1 .2

x

10u

cm~ 2 at

the peak of E l under high illumination conditions.
It should be noted that this is an estimate of the total hole accumulation
in the device at the peak of E l. Hole densities in the well of this order should be
observable in the corresponding PL spectrum although difficult to measure due
to the large effective mass of the holes in hh0. It would also be expected that n j
should increase with bias as nes increases so the effects may be more pronounced
at higher biases.
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8.3.2

Photoluminescence Study
This section is concerned with a photoluminescence study of NU183

in reverse bias under low and high illumination conditions. Photoluminescence,
from the ei — hhi optical transition in the central quantum well, is used to:
(a) identify significant hole buildup within the central quantum well,
when the device is biased such that minority carriers, photoexcited holes, have a
greater probability of tunneling into the well than tunneling out and
(b) show that the resonant tunneling features observed in the I(V) curve
under high illumination conditions are consistent with hole tunneling resonances
from the hole emitter into the central quantum well.
It is important to note that significant hole charge buildup cannot be
observed easily via PL line broadening, as is done for the case of electron buildup
in forward bias (see chapter 6 ) because the hole effective mass is much larger (see
chapter 1 ). Such hole buildup with n j >

10n

cra- 2 will lead to a large wavevector

spread in occupied states at low temperature, but only a very small (hole) Fermi
energy. Significant hole buildup is identified in two ways in the present work:
(i) by measuring the temperature dependence of the PL linewidth, as a
function of total bias voltage, at low and high illumination levels. The tempera
ture dependence distinguishes between excitonic (low n^w <
carrier (high n^ >

1 0 11 cm-2 )

1 0 11 cm~2)

and free

processes.

(ii) by analysing the shift in the PL peak energy, as a function of total
bias voltage, at low and high illumination levels. It was noted in chapter 6 that the
PL peak energy shift with total bias voltage, in the region of a tunneling resonance
known to involve significant electron buildup, mimicked the I(V) characteristic
very closly. In the present case, PL peak energy shifts of similar magnitude are
observed with total bias voltage and used to qualitatively identify and measure
significant hole buildup. Structure in the PL peak energy shift with total bias
voltage curve, is used to support the identification of resonant tunneling hole
features in the experimental I(V) curve.

Low Power Density Results
Photoluminescence properties under low illumination conditions, in re
verse bias, have been studied in detail by Hayes [165] for an essentially identical
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device and will therefore only be briefly outlined below.
Figure

8 .8

(a) shows the reverse bias I(V) characteristic, in the region of

the first resonance, without illumination at

5

K and 0.085 W cm ~ 2 at

5

and 30 K.

The 5 K curves differ only by a small increase in the tunneling current due to
the photocreated carriers. At 30 K under illumination the results are similar to
those with no illumination. There is a small decrease in the peak current of the
E l and HHl resonance and an increase in the scattering, or valley current.
Figure 8 .8 (b) shows the PL integrated intensity as a function of applied
bias at 5 and 30 K, measured from the spectra shown in figure

8 .9 .

The plot

mimicks the I(V) curve quite closely, as expected in this (negligible electron
buildup) bias direction where the PL recombination rate is strongly dependent
on the electron density variation in the well [75]. It should be noted that the
peak in the PL integrated intensity (—0.26 V ) does not coincide with the peak
in the current at E l(-0 .2 8 V )1. At 30 K the integrated intensity qualitatively
follows the current, but again, the maximum does not quite coincide with the
current peak at El.
Figure

8 .8

(c) shows the PL peak energy measured from the spectra

shown in figure 8.9 at 5 and 30 K as a function of total bias voltage. Also shown
is the change in the full width half maximum of the e1 — hh± line, A F W H M ,
between 30 and 5 K, plotted against total bias voltage. The only feature in the
5 K PL peak energy plot is a sharp blue shift (~

2

m eV) on the low voltage

side of E l followed by a red shift on the high voltage side of El. Although the
shifts do not imply significant charge buildup as they are in the wrong direction
(in forward bias a red (blue) shift was measured on the low(high) voltage side of
the emitter-to-well resonance), they may be due to localised excitons associated
with well width fluctuations or impurity states in the central quantum well. Such
states would saturate with sufficient electrons in the well, i.e. at the peak of E l,
and may also be unoccupied at high temperatures (> 30 K ) when the quantum
well PL is dominated by free exciton processes.
The change in the PL line width, A F W H M , is shown mainly, for later
comparison with the results measured under high illumination conditions. How1Hayes [165] has done a similar study on an essentially identical device using a power density
of < 0.01 Wcm~2. In that study the peak in the integrated intensity did coincide with the peak
in the current at E l.
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ever, it should be noted that in reverse bias under these low illumination con
ditions there is no increase in A F W H M , consistent with there being negligible
electron buildup in the central quantum well, and, as noted, the PL process
should be excitonic.

High Power Density Results
Under high illumination conditions the sample was exposed to ~ 18 W cm ~ 2
of 1.96 eV radiation (HeNe laser). At this power there are four tunneling reso
nances observed in the region of El as discussed above and shown in figure 8 . 1 0 (a)
which shows the I(V) curve at

5

and 30 K.

Figure 8.9 shows a comparison of the PL spectra arising from the e i—hhi
optical transition in the central quantum well as a function of total bias voltage
and temperature, under (a) low and (b) high illumination conditions. The most
striking features of the figure are:
(i) the red shift of the PL peak energy with increasing negative bias and
(ii) the temperature dependence of the PL linewidth under high illumi
nation conditions.
Except at zero bias, the PL spectra measured under high illumination
conditions show a significant increase in the PL linewidth with increasing negative
bias. Spectra measured at similar bias voltages under low illumination conditions
show no such increase. Both of these observations are discussed in more detail
below
The PL integrated intensity plots at 5 or 30 K, shown in figure 8.10(b),
do not follow the I(V) curve very closely. Structure clearly observed in the I(V)
curve is not observed in the integrated intensity plot. Such lack of comparibility
between the integrated PL intensity and the I(V) curve is analogous to that
observed in forward bias when measured under low illumination conditions [77].
Beyond -0.5 V there is a sharp increase in the PL integrated intensity
from which the total accumulated hole sheet charge density, n£, can be estimated.
In doing this it is assumed that the sharp increase is due to injection of electrons
into the well, associated with the onset of the second electron resonance, E 2 . In
this case the onset of E 2 occurs at a much lower applied bias under illumination
due to the screening of the electric field in the collector contact while maintaining
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Figure 8 .8 : Bias dependence of the (a) current, (b)

hhi PL integrated intensity

and (c) PL peak position and A F W H M in the region of the first reverse bias
tunneling resonance of NU183 at 5 and 30 K. Illumination power density was
0.085 WcmnT2

PL Intensity

(A rb .)
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1610
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Figure 8.9: Comparison of PL spectra as a function of reverse total bias voltage
and temperature when measured under (a) low (0.085 W cm ~2) and (b) high
(18.4 W cm ~~2) illumination conditions.
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a constant voltage drop accross the device as discussed above in section

8 .1 .

Assuming the threshold of the increase in PL integrated intensity is the threshold
of E 2 , then nJ = n^e+n ^w =

2

x

10n

cm~2. Also the ratio of the threshold voltage

of E2(-0.52 V) and E l (-0.13 V) = 4.0 is in very good agreement with the ratio of
the calculated values for the two quasi-bound electron energy levels in the central
quantum well of NU183 62 and 6 1? at zero bias using the envelope approximation.
The calculation gave 62 = 260raeV and

= 70raeV resulting in a ratio of

3 .7

which adds some confidence to shifted E 2 interpretation.
Figure 8.10(c) shows the PL peak energy at 5 and 30 K and A F W H M
between 30 and 5 K. At 5 K the variation in PL peak energy follows the I(V)
curve quite closely, when plotted in terms of decreasing energy, especially at total
bias voltages below HH2 . Such close correlation between the PL peak energy
plot and I(V) curve, analogous to that observed in forward bias [77] (although
under low illumination conditions), is strong evidence which not only indicates
significant hole buildup in the central quantum well, but also that the holes are
tunneling resonantly from the hole emitter into the central quantum well. Further
indication of hole buildup is implied in the 30 K PL peak energy variation which
also follows the I(V) curve at 30 K closely, unlike the 30 K plot measured under
low illumination conditions (see figure

8 .8 ).

At total bias voltages beyond the HH2 tunneling peak the similarity
between the PL peak position plot and the I(V) curve does not continue, as the
red shift seems to saturate. Such saturation is expected for two reasons:
(i) the supply function of holes which thermalise in the hole emitter,
and hence are available for tunneling into the central quantum well, is ultimately
limited by the power density of the incident illumination and
(ii) holes traveling ballistically over the hole emitter and collector bar
riers occuring as discussed by White et al. [166].
The increase in current at total bias voltages beyond HH2 is possibly
due at least in part, to the onset of E 2 . Such an interpretation would account
for the lack of further red shift of the PL peak energy beyond HH2 , as there is
an increase in tunneling current associated with the second electron resonance
but no significant charge buildup in the central quantum well, and would also
be consistent with the integrated intensity plot (figure

8 .1 0 (c))

which shows a

sudden increase at biases beyond HH2 , resulting from the increased hole-electron
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recombination in the central quantum well.
In the region of LH 1 the A F W H M plot in figure

8 .1 0 (c)

provides fur

ther indication of significant hole charge buildup. The A F W H M shows an eas
ily measureable increase with temperature compared to a general decrease in
A F W H M when measured under low illumination conditions in the same total
bias voltage region. The observed trend in the A F W H M plot, measured under
high illumination conditions, continued with increasing the temperature to 50 K
(see spectra in figure

8.4

8 .9 ).

Conclusion
In this chapter, the effects of above bandgap illumination on both the

experimental I(V) characteristic and the measured sheet charge density in the
central quantum well of a double barrier resonant tunneling structure have been
studied.
In forward bias, the experimental I(V) curve is significantly perturbed
when measured under high illumination power density.
(i) The low voltage side of the electron resonance I(V) curve is signifi
cantly reduced from ~ 430 m V to ~

200

mV.

(ii) The region of current multistability measured under zero illumina
tion conditions near the peak of the first electron resonance is not observed when
measured under high illlumination conditions. The multistability is replaced by
a region of negative differential resistance in the perturbed I(V) curve.
(iff) The plasmon assisted tunneling satellite, identified in chapter

7,

is

still observed, but it is no longer placed in the voltage overhang region as no such
region exists under high illumination conditions. In the perturbed I(V) curve the
plasmon satellite is clearly present but not completely resolved from the negative
differential resistance region of the main electron resonance.
The ei — hh\ photoluminescence in the central quantum well was also
investigated throughout the electron resonance. Results indicated that the elec
tron sheet charge density, measured at the peak of the electron resonance, did not
change with increasing illumination power density. The PL spectra measured on
the low and high total bias voltage side of the perturbed resonance, under high
illumination conditions, developed in a similar manner to spectra measured under

163

Voltage (V)

Figure 8.10: Variation of the (a) current, and t i - h h i (b) PL integrated intensity,
and (c) PL peak energy and A F W H M in reverse bias at 5 and 30 K. Illumination
power density was 18 W cm

2
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low illumination conditions.
In reverse bias, the conditions are favourable for significant buildup of
photocreated holes in the central quantum well, with the thicker valence band
potential barrier acting as the collector barrier for holes. It was hoped that multi
stability might develop in the experimental I(V) characteristic at the LHl tunnel
ing resonance when measured under high illumination conditions. Although no
such multistability was observed, characteristic features, indicating both resonant
tunneling of photocreated holes and significant photocreated hole build up in the
central quantum well, were evident both in the experimental I(V) characteristic
and the measured photoluminescence from the €\ — hhi optical transition in the
central quantum well. Such indications of hole buildup included:
(i) extension of the low total bias voltage side of the identified light and
heavy hole resonances.
(ii) correlation between the PL peak energy and tunneling current vari
ation with applied bias, including structure in the I(V) curve. Such results are
analogous to those observed in the forward bias direction where electron buildup
is well established.
(iii) significant broadening of the PL spectrum with increasing tempera
ture, consistent with significant accumulation of particles in the central quantum
well.
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